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ABSTRACT

This report summarizes the research done in the Department

of Physics of Oklahoma State University supported by the U.S.

Army Research Office under contract number DAA829-85-K-0056 from

January 15, 1985 through January 14, 1988. The research involves

the use of laser spectroscopy techniques such as four-wave

mixing, high power picosecond pulse pumping, and time-resolved

site-selection spectroscopy to characterize dynamical optical

processes such as energy migration, multiphoton absorption,

radiationless relaxation, and the photorefractive effect in

materials with potential applications in optical technology. The

materials investigated include existing laser crystals such as

alexandrite, titanium doped sapphire, Nd-YA6, and neodymium

pentaphosphate as well as several potential rare earth and tran-

sition metal laser crystals. In addition, photorefractive pro-

cesses were studied in lithium niobate and bismuth silicate

crystals and in rare earth doped glasses. Some of the results of

major importance from this work are: (1) The development of a

method for producing laser-induced grating optical devices in

glasses; (2) The elucidation of the effects of Mg on inhibiting

the photorefractive response of lithium niobate; (3) The demon-

stration of tunable single pass gain from a closed shell ion in

the visible spectral region; (4) A demonstration of the decreasete For

in fluorescence quenching in fiber crystals; (5) A demonstration 3

of the effects of thermal annealing on the infrared absorption noed 0
3atio-

and visible emission in Ti-sapphire laser crystals; and (6) A

measLrement of the pump band to metastable state relaxation rate .t!OR/

in alexandrite laser crystals.. all-altm-Ced_
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I. INTRODUCTION

Optical technology based on solid state lasers is now

playing a vital role in military systems. However, the current

state-of-the-art of solid state laser development is materials

limited. There are a limited number of solid state laser systems

that are field operational at this time and they have a limited

range of operational parameters. Nonlinear optical materials

required for laser systems have a similar limited availability.

The research and development requirement for characterizing new

materials for these applications has been identified as a high

priority area for the Army in a recent report by the National

Research Council entitled "Achieving Leadership in Materials

Technology for the Army of the Future". The goal of the research

described in this report was to enhance the understanding of

fundamental physical processes involved in solid state laser

systems so this information can be used to develop the ability to

predict optimum materials for specific application requirements.

This research utilized a variety of different laser spec-

troscopy experimental techniques to characterize the properties

of laser and photorefractive materials. These techniques include

four-wave mixing (FWM), time-resolved site-selection spectroscopy

(TRSS), and picosecond pulse multiphoton absorption. The project

was divided into four thrust areas according the type of

materials being investigatedt rare earth doped laser crystals;

transition metal doped laser crystals; photorefractive crystals;

and optical glasses. The major interest in the laser crystals

focused on the physical processes affecting the pumping dynamics:

energy migration; radiationless relaxation; and multiphoton exci-
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tation. The major interest in the photorefractive crystals

involved identifying the mechanism causing the photorefractive

response and determining the effects of defects on the response

characteristics. The major interest in the glass studies was

developing a technique for generating laser-induced gratings in

glasses. The important results obtained during the three years

of this contract are briefly outlined in this section and

presented in detail in the remainder of the report.

1.1 Summary of Research Accomplishments

The first thrust area of this research contract involves

rare earth doped laser materials. High power pumping of Nd3 +

ions in garnet host crystals was shown to involve sequential two-

photon excitation processes through real intermediate states.

Four-wave mixing results on NdP 5 01 4 laser crystals were shown to

be affected by excited state resonances. In addition, energy

transfer among rare earth ions was investigated in several dif-

ferent laser host crystals. These results are important in

furthering our understanding of the spectral dynamics of rare

earth doped laser crystals.

The second thrust area focuses on transition metal laser

materials. An extensive spectroscopic investigation of alexan-

drite laser crystals was completed, involving characterizing the

effects of both Cr3 + ion-ion interaction and electron-phonon

interaction. The most important results are the determination of

the pump band to metastable state radiationless relaxation rate

and the properties of spectral and spatial energy diffusion. The

optical properties of Ti-sapphire laser crystals were also

6



studied with specific attention on the absorption band in the

infrared and the emission band in the blue spectral region.

Thermal annealing was shown to significantly change these bands.

Several unconventional potential laser crystals were investi-

gated. The thermal quenching of the fluorescence of Mn2 SiO 4

crystals was found to be greatly improved by laser-heated

pedestal growth of fibers of the material. The results show the

importance of this type of crystal growth technique and the laser

potential for this type of material. The properties of Cr3 + and

Rh2 + in sodium-beta"-alumina were studied but the poor material

quality prevented obtaining laser emission. Tunable single pass

gain was obtained from Ti 4 + in lithium germanium oxide crystals

under picosecond pulse excitation. However, for longer pulse

excitation quenching or damage occurred before lasing threshold

was reached.

One of the most important results in studying photorefrac-

tive crystals was developing a technique for computer fitting

small angle scattering patterns from laser-induced holographic

gratings. This provides the ability for determining independent

values for grating thickness and modulation depth as well as

checking for the presence of multiple Fourier components. This

technique was applied to Mg-doped lithium niobate along with

analyzing the scattering dynamics, two beam coupling, and aniso-

tropic self-diffraction. The results provide a better under-

standing of the effects of Mg in minimizing the photorefractive

response of these crystals. Initial work was begun on similar

studies of bismuth silicate crystals.

7



The final thrust area focuses on Eu3+-doped glasses.

Fluorescence line narrowing techniques were used to determine the

thermal and spectral properties of the homogeneous linewidth in

both oxide and fluoride glasses and the results were shown to be

consistent with a theory based on line broadening by fractons.

The most important result of this contract from the perspective

of optical technology applications is the development of a method

focr producing laser-induced holographic gratings in these

glasses. This is associated with generating a significant amount

of local vibrational energy through radiationless relaxation

processes in the Eu 3 + ions. These gratings can be used for

optical devices such as demultiplexers and holographic storage.

1.2 Publications and Personnel

The work performed during the three years of this contract

resulted in 25 publications, one doctoral thesis, four masters

theses, and numerous unpublished presentations and colloquia.

These are listed in Table I.

The personnel making major contributions to this research

include the principal investigator, Richard C. Powell, and

several visiting scientists and graduate students. The visiting

scientists were:

Prof. Brahim Elouadi, Mohammed V University, Morocco;

Prof. Liu Xingren, Changchun Institute of Physics, China;

Prof. Luis Arizmendi, Universidad Autonoma de Madrid, Spain;

Prof. H.C. Chow, Southern Illinois University;

Dr. Frederic M. Durville, Universite Lyon I, France;

Dr. Andrzej Suchocki, Polish Academy of Sciences, Poland.
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The first three were supported by their institutions while the

latter three were financed by this contract. Dr. J.K. Tyminski

worked as a post-doctoral research associate on this project and

is now a staff scientist at Spectra Technology. The graduate

students support by this contract include G.3. Quarles, G.D.

Gilliland, E.G. Behrens, and M.L. Kliewer. All four received

their masters degrees from this work. G.J. Quarles also received

his doctoral degree and is now working in the solid state laser

group at the Naval Research Laboratory in Washington, D.C. The

other three students are continuing their graduate studies for

the doctoral degree here at Oklahoma State University.

it is a pleasure to acknowledge the collaboration with a

number of colleagues. Important contributions to this research

were made by:

Dr. G.M. Loiacono, Philips Laboratories;

Prof. R.S. Feigelson, Stanford University;

Dr. J.B. Bates, Oak Ridge National Laboratory;

Dr. M.R. Kokta, Union Carbide Corp.;

Dr. J.L. Caslavsky, Army Materials and Mechanics Research

Center;

Dr. J.C. Walling, Allied Corp.

In addition, numerous colleagues at Oklahoma State University

provided support in specific aspects of this research. In the

area of crystal growth and characterization, Profs. 3.3. Martin,

W.A. Sibley, and L.E. Halliburton of the Physics Department,

Profs. S.L. Holt and E.M. Holt of the Chemistry Department, and

Prof. Z. AlShaieb of the Geology Department were especially

helpful. Prof. G.S. Dixon of the Physics Department collab-
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orated on the theoretical interpretation of the spectral effects

of disorder in glasses.

Finally, this work benefitted greatly from collaboration

with U.S. Army personnel. Dr. J.L. Caslavsky of the Army

Materials and Mechanics Research Center grew some of the laser

crystals used in this research. Captain F.P. Valentino spent a

year in our laboratory on leave from the Physics Department of

the Military Academy at West Point. Mr. E.G. Behrens of our

group spent one summer working at the Army Night Vision Electro-

Optics Laboratory. These exchanges plus helpful discussions with

Dr. Al Pinto of NVEOL provided an important degree of relevance

to this fundamental research project.
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II. SPECTRAL DYNAMICS OF RARE EARTH LASER CRYSTALS

The following four manuscripts present details of the

results obtained on several rare earth doped laser crystals. The

first three involve Nd3 + as the active ion and the first two of

these are direct extensions of the results reported in our 1985

final report on Army Contract DAAG29-82-K-0041. The FWM results

on NdP5 014 provide further information concerning the exciton

dynamics in this crystal and demonstrate how excited state reso-

nances affect FWM signal characteristics. The picosecond pulse

excitation results on Nd-YAG provide information concerning the

type of two-photon absorption processes occurring with this type

of pumping. Spectroscopic studies of host sensitized energy

transfer in Nd-doped molybdates are described in the third manu-

script. This may be a technique to enhance pumping efficiencies

in Nd-doped laser materials. Initial spectroscopic studies were

also begun on Nd-doped garnet crystals and the results will be

described in detail during the next contract period. In the

final manuscript, the spectroscopic properties of rare earth ions

in BaYF5 crystals are described. The decreased thermal quenching

in this type of fluoride host makes this crystal attractive as a

laser host material. The investigation of rare earth doped

fluoride crystals will continue during the next contract period.
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Dynamics of Population Gratings in NdP5O14 Crystas
RICHARD C. POWELL, JACEK K. TYMINSKI, ALI M. GHAZZAWI,

AND CHRISTOPHER M. LAWSON
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1. INToDUCTION11~ vem ----

I Na recent series of papers, we have reported oil the Pig. I. Schsinsucdisama oexpenlmmappei owumsdwon avibes-
characteristics of exciton migration in NdP5 , 4 crystals Slum loud t"l. M - mior. L - laws. Cf - choppe. VMD - varn-

using degenerate four-wave mixing techniques to estab- able ,a 1, s ) dsit la. MS - beum spliner. PUTf - phtormki
lish and probe Nd3+ population gratings [1J-[3]. Beum Oka PO - phosodlods.

depletion due to the strong absorption in this stoichio-
metric rare earth material made it necessary to pump in natio to analyze the decay patterns. For low-temperature
the vibronic wings of the absorption transitions. We report measurements, the samples weft mounted in a cryogenic
here the results of extending this work by using nonde- refigerator. Details of the crystal growth and properties
generate four-wave mixing and ultrathin samples so that of NdP$O14 have been described previously [5], [61.
the pump lase could be scanned through the absorption
band. The wavelength dependence of the four-wave mix- 11. EXCITAION WAVELENGTH DEnNDEN4CE
ing signal shows fth presence of strong spatial difusio In order to investigate the four-wave mixing character-
with weak spectral diffusion of energy in this material. istics in an excitation region of high absorption, samples
and also reveals additional grating effects which occur at of NdP3OI 4 were cleaved to dimensions of about 5 mm
the postions of excited state resonances in the excitation square and less than I mm thick. The sample was aligned
spectrum. The characteristics of the exciton dynamics in so that the grating was formed along the a axis of the
this material are determined by analyzing the dat with crystal. The write beams from the dye laser were scanned
the corrected model of Kenkre [41. This shows the degree point by point through the Nd34+ absorption bend near 580
of coherence in the exciton migration under different ex- a, and at each point measurements were made of the
perimental conditions. fluorescence lifetime of the 890 nm emission as well as

Fig. I shows the experimental setup used in this work. the grating decay rate as a function of crossing angle of
A Spectra Physics stabilized ring dye laser with Rhoda- the write beams. The simplest relationship between the
mine-60 pumped by an argon laser was used a the ex- grating decay rate W. and the diftuion coefficient D of
citation soure, while the probe beam was provided by an the excitons destroying the grating through migration can
He-Ne lasr. Transient four-wave mixing signals were re- be written as [71
corded by chopping the writing beams off and using an D-(I-2 )X'(2r i'(r) 1BOG-PAR boxcar integrato and signal averageir conibi-D (W -2AA'[3A (/) ()

where W1 is the fluorescence decay rate, X is the wave-
Umu-wtp- -ne e ran5uumhr 17. IM5; tevld Dumber 17. IM6. length of the lase write beam in the crystal and 0 is the

This wat was sppmd by Ohe U.S. Army Rinkc 0 11 writ dea crsig nl i h cytl
thuat Schus Paesatla. under 0mmn DUR42-165S1.wrt emcosnaglinherya.

ft. C. Powel snd A. M. Glsmi -a wish do Depornmsnt ofty Fig. 2 shows the results of this investigation. The solid
Oldeleam Sim5 Usivelsky. Sdhlwusr. OK708 line shows the room temperature absorption spectrum inJ. K. Tymi as wih dho Depsiunuma of PhysfimS Oklawmie sthi aeegh ein h trcuei uet h v
Universky. Sdaliwaer. OK 74M7. He is now with die laut (or Appliedthswvlnhrei.Tesruueisdeoteoe-
Qumasm Optics. Honk Texas aste Umnisy. Dun... TX 76203. lapping of the Stark components of the 2G7/2 and 4GS12

C. M. Lawis wee with the Dupsimsuw of Physics. klahOas Sta multiplets. The fluorescence lifetime was found to be ap-
Usiversky. Sel-ownur OK 74078. He is saw with the BDht Coigordm. poiaeyidpneto epr eadectto
MeL.,sm, VA Z1102,.rxmtl needn ftmeaueadectto

IME LAS Number 660643. wavelength in this region of excitation with an average
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Fig. 2. Spectral dependence of exciton diffusion colelicient. The solid line
represents the room temperature orption band in the region of exci- The unconventional signal behavior described above
ation. Thecircles and squas reprtesent the values of the diffusion coef- was not observed for the shorter wavelength Stokes vi-
iiem a room temperature and 10 K. respectively. determined fr four- bronic excitation used in previous investigations (3].

wave mixing signals. However, for excitation with the 514.5 nm line of an ar-

gon laser, other unconventional signal behavior was re-

value of 116 is. The values of the exciton diffusion coef- ported [II. For this wavelength, the laser pumps an ab-
ficient found at each excitation wavelength using (1) with sorption band made up of overlapping components of the
the measured values of W, and Wf at 9 - 9.5* are also 2G ,2 and 4G7 /2 levels and the observed four-wave mixing
shown in Fig. 2. At room temperature. the magnitude of signal profiles were double exponential decays. The longer
D varies between about 2 x 10-6 and 8 x 10-" cm2 • decay rate varied with the write beam crossing angle in a
s -' which is consistent with the value reported earlier for way consistent with probe beam scattering from a popu-
direct excitation into an absorption band above the meta- lation grating formed in the 'F, 2 metastable state. The
stable state I 1. The structure observed in D as a function origin of the shorter component of the signal decay was
of excitation wavelength follows the structure observed in not identified. The measured decay time of this compo-
the absorption spectrum. This can be attributed to the fact nent was 45 its. independent of write beam crossing an-
that each spectral transition is inhomogeneously gle.
broadened due to strains in the lattice, and the narrow line In order to identify the origin of the unconventional sig-
laser selectively excites a subset of ions located in sites nal patterns for four-wave mixing which occur for exci-
whose transition wavelength is in resonance with the laser tation in specific spectral regions. we considered the ef-
wavelength. Since the diffusion coefficient is sensitive to fects of excited state absorption. Fig. 3 shows the
the separation between ions in equivalent sites, the higher absorxion spectrum of NdP5O14 in the near UV spectral
density of ions in a specific type of site with a transition region at room temperature. If excited state absorption oc-
wavelength at line center allows for a greater value of D. curs from the 4F3,2 metastable state, the termination of the
This evidence for site selection and spatial energy migra- transitions will be in the spectral regions designated at the
tion without strong spectral diffusion is consistent with top of this figure. Region D2 represents the range of dye
results reported previously for different types of excitation laser excitation used in this study, while D I represents the
[11-(3]. range of dye laser excitation used previously (3]. The po-

At I I K. the spectral structure in D becomes even more sition designated A represents the termination of an ex-
pronounced as seen in Fig. 2. This is due to the decrease cited state absorption transition using argon laser excita-
in the homogeneous broadening of the transitions by pho- tion. The important observation in this figure is that the
nons which results in a greater amount of site selectivity, region DI lies between two strong absorption bands.
An interesting observation is that at excitation wave- whereas A is near the peak of one of the absorption bands
lengths of 584 nm and greater. no steady-state four-wave and the high-energy part of D2 covers a region which is
mixing signal could be established. Instead. the signal ini- in an area of low absorption. while the low-energy part
tially increased in intensity and then decreased to zero in of D2 covers a region which is in an area of high absorp-
a matter of several seconds whenever the laser beams were tion. These differences are even greater at low tempera-
aligned in this spectral region. The signal could be rees- tures where the absorption bands are sharper.
tablished only by scanning the laser to a different region Comparing these observations to the results described
of the crystal or decreasing the laser wavelength, above indicates that normal four-wave mixing signals as-
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the degree of coherence of the motion. Although (7) has
a dMent form from the equation used in [3], the quali-
tative aspects of the results are the same. The need to

0A assume time-dependent changes in Vand 7 is still not fully
understood, but may be associated with effects not in-
cluded in the theoretical treatment such as local heating,

, Ospectral diffusion, and quenching of excitons.

I- v/I ~IV. SUMMARY AND CONCLUSIONS

I The results discussed above indicate that the exciton
J migration in NdPO 14 can be described as a diffusive mo-

tion with a mean free path greater than several lattice
:spacings. It is important to emphasize that the term co-

300 400 herence used to describe this type of motion refers to the
distance traveled between scattering events [10]. In this

Fig. 4. Oscillatory four-wave mixing signal decay pattern. The solid line context, nearest neighbor hopping migration is "incoh-
represents the experimental data obtained on NdPO,4 at 10 K with res- me
omant excitation in the high-enerqy wing of the 2G,, 2 absorption band. erent motion, while migration involving longer mean
The broken lin represents the prediction of (7) with r - 125 ps. a - free paths is "partially coherent" motion. This is differ-
10 s- , and V - 7.0 X 10 s-'. The dotted line repreents the prediction ent from the term coherence used to describe a coherent
of(7) withi- 125 .jas.m- ions'and V"- 1.40 x t0 s'. state of the system prepared by resonantly pumping the

metastable state with a laser. The theory of Kenkre 141,
In [3], it was shown that under special conditions, os- [9] is developed specifically to describe the four-wave

cillatory signal decay patterns were observed. These types mixing signal for the case of exciton migration occurring
of oscillations can be caused by several different types of after some process such as radiationless relaxation has de-
physical effects, the most prominent of which involves stroyed any initial conditions of coherence in the system.
local heating [7]. In [31, the effects of local heating are This is consistent with the conditions of our experiment.
considered in detail and are shown to be unable to predict Under different initial conditions, the signal decay pat-
the observed characteristics of the oscillations in the FWM terns will have very different shapes [!11, [121. The re-
signal observed for this case. The only effect consistent suits for NdP3Ot 4 indicate that even for the unfavorable
with conditions of the experiment is the presence of co- excitation condition of a Stokes vibronic transition at room
herence in the motion of the excitons. The expression of temperature, the coherence length for the motion is about
Wong and Kenkre used to describe exciton migration un- 26 lattice sites. This increases to over 2000 lattice sites at
der these conditions [9] has been reformulated into a sim- low temperatures for excitation directly into one side of
pier expression. The time dependence of the normalized an absorption band lying above the metastable state. The
four-wave mixing signal is given by [4] fact that the values of the diffusion coefficient reported

S) = e- /T[Jo(bt)e -w here are similar to those reported previously is not sur-
prising since the corrected expression for K from [4] is

C' equivalent to the initial expression used from [9] in the
+ a3 due--IJo(b(,2 

- u'j2)j (7) limit a-r >> I which is the case for NdP5O, 4.

The observation of oscillations in the decay pattern is
where b - 4uVaIA,. Fig. 4 shows typical experimental consistent with the presence of a high degree of coherence
data exhibiting an oscillatory decay pattern. As discussed in the exciton migration. The origin of the simultaneous
in [31, the theoretical expression predicts that the oscil- threefold increase in the ion-ion interaction rate and the
lations will always decrease in intensity and have a con- order of magnitude increase in the fluorescence decay time
stant period, whereas the intensity and perid of the os- within the time of the experiment needed to describe the
cillations in the observed data increase with time. Typical observed signal decay pattern is difficult to determine. The
theory curves are shown in Fig. 4 to demonstrate the types time-dependent increase in V occurs on a time scale con-
of oscillatory patterns predicted by (7). The early decay sistent with thermal diffusion in this material [31, and thus
portion of the curve can only be fit for values of b of about may be related to a local heating effect. Since the laser
1.4 x 10' s-' and the measured decay time of 125 jus. excites a level significantly above the metastable state,
whereas the latter portion of the pattern is better fit by [71 radiationless relaxation will generate phonons simulta-
using b - 4.2 x 10' s-' and r - 1250 its. The fittings neously with the creation of excitons. Another possibility
are less sensitive to the value of a and can only provide is the presence of spectral energy migration. Although this
a value for an upper limit of about 10' s-'. Using (3)-(6) is known to be a weak effect in NdP3O, 4 [61, some evi-
leads to the parameters describing the exciton migration dence of spectral migration has been observed in the tern-
listed in Table I. In comparison to the results associated perature and power dependences of four-wave mixing in
with the exponential decay pattern described above, these this material [31. Since the excitation producing the os-
low-temperature results indicate a significant increase in cillatory signal decay patterns is on the high-energy wing
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Sequential two-photon excitation processes of Nd' + ions in solids
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(Received 7 November 1984)

The frequency-doubled and -tripled outputs of a high-power pulsed Nd-doped yttrium aluminum
garer laser were used to excite Nd' + ions in hot crystals of YAIOt and Y3Ga1 12 and in a com-
mecially available Nd-doped lithium silicate glass (ED-2). The fluorescence emission occurring as a
result of two-photon excitation processes was studied for both of these excitation wavelengths. The
variations of the intensities of the emission processes with laser pulse width show that the excitation
processes are sequential stepwise absorption processes with real resonant intermediate states. A
time-resolved spectroscopy technique developed previously was used to determine the excited-state
absorption cross sections which are shown to be consistent with theoretically predicted values. The
frequency-tripled laser excitation process terminates on a 5d level of Nd3 , leading to a cros section
over two order of magnitude greater than that associated with the procem occurring after
frequency-doubled lase excitation which terminates on a level of the 4f configuration. Radiative
and radiatiouless relaxation processes betwee 5d and 4f levels are also observed in these systms.

L INTRODUCTION on Y3G 5O,2:Nd3+ neodymium-doped yttrium gallium
garnet (Nd-YGaG) and on Nd-doped lithium silicate glass

High-power, picomond-pulse lser provide sources for (ED-2), but not on other Nd-doped crystals. In addition,
studying spectroscopic properties of materials not easily the Sd-4f radiationless relaxation rate in Nd-YGaG was
observable under normal excitation conditions. Two im- measured to be similar to that found in Nd-YAG. In the
portant processes of this type are multiphoton absorption glass host Nd 31-Ce 3 + energy transfer was observed.
and intraconfigurational relaxation. Both of these pro-
cesses are especially important in materials to be used in 11. EXPERIMENTAL PROCEDURE
applications involving high levels of optical pumping. We
recently reported initial results of studying the spectro- Figure 1 shows a block diagram of the experimental
scopic properties of Y3AI5 12:Nd3+ [neodymium-doped setup. The Nd-YAG laser provides a pulse whose dura-
yttrium aluminum garnet (Nd-YAG)] after excition tion is controlled by changing the output coupler of the
with high-power pulses of 30-picosemd duration) The oscillator cavity and whose wavelength depends on the
properties of two new ietastable states were character- harmonic generation crystals used. The power of the exci-
ized, two different types of two-photon absorption pro- tation pulse incident on the sample is controlled by chang-
ome were idntified, and the Sd-4f ra 1  reaa, ing the laser power supply and by using neutral density
tion rate was measured for ths material. The work filters The sample fluorescence is analyzed by a 1-t
described here extends this investigation to provide a de- monochromator. For time-resolved spectroscopy nca-
tailed understanding of these excitation and relaxation surenents, an EG&G-Princeton Applied Research
procmses and to characterize their propeies in different (EGO-PAR) gated optical multichannel analyzer with a
materials, silicon diode array is used for detection. For lifetime

Using the time-resolved spectroscopy technique measurements, an EGG-PAR boxcar integrator/signal
developed previously,' the two-photon absorption cross averager combination is used with an RCA C31034 pho-
sections were measured for Nd-YAG for excitation wave- tomultiplier tube for detection. A beam splitter picks off
lengths of 532.0 and 354.7 nn as a function of laser pulse part of the pulse to monitor the shot-to-shot intensity
width between 30 and 200 ps. For both cases, the results variations of the laser.
are shown.to be consistent with sequential two-photon ex- Three samples were investigated in this work:
citation processes (STEP). Similar results were observed YAG:Nd' + (1.18X l0 cm-'); YGaG:Nd3  (3.24)< 101; r
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FIG. 1. Block diga of experimena ats The las__ -92

ng

is a passively mode-locked Nd-YAG syatanm with a single-stageg
amplifier and frequec-doubling -rsilh nd .qaruln FIG. 2. Rate diagram for interpretig the spectra dynamics

crystals. F, f'lte, DS, beam splitter;, L, lens; and S, sample. oiiserved after high-power excitation at 532.0 rm. The W's
Time-resolved fluorescence spectra aerecorded using asiliconl

a7

diod aray dtecor ad agate opicalmuliclunelanalzer represent excitation rates and the 0"s represent decay rates. The ,
dioe rry eteto ad ped ptca mltihane ~'~ n's are the populations of the various energy levels and the i's A'

(OMA). Fluorescenelftie r measured using aphotomul-.
tiplier tube detector and a boxcar integr'ator/signal avenger
combinatio.

widths. These intensities have been corrected for quaa-
tua- efficiencies, branching ratios, and the spectral nmsi-s

cm-s); and ED-2:Ndls ,1.83x 10e ,ra-t). The composi- tivity of the equipment. The observed exponential varia-
tion of the glass host in mole percent is 60SIO2 , 27.5Li2 0, uion of the intensity ratio with time after the excitation
doCaO, and 2.gA120 d with 0.16CeO2 and 0.35nd2 0 3. pulse is consistent with the results reported previously.'

Some of the general spectroscopic properties of these sam- The important new information shown in Fig. 3 is that
pies have been reported previously, the slope and intercep of this time evolution changes with

the pulse width of the laser excitation. This type of varia-

II. RESULTS FOR 532.0 nm PUMPING

The frequency doubled output of the Nd-YAG laser 1o0

was used to excite the samples at 532.0 nm. It was shown
in Ref. I that this wavelength results in two-photon exci- % ,V
tation of the l(F2)5/2 level which is the highest energy
metastable state of the 4f 3 electronic configuration of the
Nd3* ion. The properties of the fluorescence emission , ,
from this level are summarized in Ref. I. A simplified ,
rate diagram for describing the pumping and decay ""
dynamics under this excitation condition is shown in Fig. - ,"
2. One of the Stark components of the 4G7/ level acts as N 7.

a real intermediate state for the two-photon transitions.
The ions excited to this intermediate state either relax ra-
diationlessly to the 4

F3/2 metastable state or are re-excited
to the 2(F2)sa state. The Wk and & parameters
represent the appropriate pumping and decay rates. The A., , E3 ....... o 30ps
fluorescence emission can be monitored from level 3 after A.-.-& sop

00 . 0 loopstwo-photon excitation and from level I after one-photon 0, o0o loops
excitation. The rate equations describing the time evolu- 50o 0- 20ption of these fluorescence emissions have been solved pre- t (Ws) oy
viously.! I FIG. 3. Time evolution of the ratios of the integrated fluores- .Fgre 3 shows the rato'of 't'he'measured integrated cence intensities of the emission from the 'F3, 2 and 2(F2),,.,

fluorescence intensities of the transitions from level 3 and metastable states after 532.0 am excitation of different pulse
level I for Nd-YAG using different excitation pulse widths for Nd-YAG.

N
- -~ .. - ,- - - - - • - .". ,
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tion will occur for two-photon transitions involving real The values of the fluorescence intensities immediately
resonant intermediate states but not for transitions involv- after the excitation pulse can be used to determine the
ing virtual intermediate states. Therdore these results excited-state absorption cross section for the STEP mech-
show that a sequential two-photon excitation process is re- anism,
sponsible for the fluorescence from the 2 (F2)5/ 2 level.

ff13-[fft/f][I3(0)I(0)][(hVl)/(hV3)1[(Pi At)/(0.3751P)] , (1)

where again the corrected values for Ik(O) are implied. ative decay rates of the metastable states determined pre-
The f represent the radiative decay rates, At is the laser viously,' Eq. (1) gives the values of the excited-state cross
pulse width, and I. is the photon flux per pulse. A major section for the STEP transition.
simplification which has been made in deriving the ex- Figure 5 shows the variation of 0 with excitation
pression in Eq. (1) is using P(t)=(0.375/At) for the pulse width for the Nd-YAG sample. The results show a
pulse-time dependence instead of the full Gaussian expres- direct correspondence between 0'13 and At as predicted by
sion Eq. (1). However the best fit to the data is a line with a

slope slightly greater than the predicted value of one.
P()=(O.375/At)expJ -2.77[(t -t 0 )/Wt] 2 1 . (2) This is probably associated with the simplification used in

describing the pulse shape in Eq. (1).
In order to evaluate the excited-state absorption cross Table I lists the values of the parameters obtained in

section using Eq. (1), it is necessary to estimate a value for this study. Experimental error in determining the correct-
the decay rate of the intermediate state of the STEP tran- ed values of the intensities limits the accuracy of the o 3
sition. This can be done by considering the spectral line value to ± 1 X 10- 19 cm 2. A similar analysis was made of
shape of the absorption transition from the ground state the same STEP mechanism in Nd-YGaG and in
to the 4G7/2 level. The absorption spectra in this region Nd-ED-2. The values of fli and 0 3 for Nd-YGaG are
are shown in Fig. 4 for the three samples. The structure similar to those found for Nd-YAG. The extensive inho-
and asymmetry of these absorption lines are due to un- mogeneous line broadening in the glass host makes it im-
resolved Stark components. An estimate of the full width possible to use the spectrum shown in Fig. 4 to obtain a
at half maximum of an individual Stark component can value for 01 for Nd-ED-2 and therefore the value of ai3
be obtained by deconvoluting these spectral shapes. At cannot be determined by this method.
room temperature, these linewidths should be dominated
by lifetime broadening processes. Therefore the measured
width of a level can be used to determine the decay rate
from the level. This analysis gives a value of W-S
f6=8.4x 102 Hz for the YAG:Nd sample. Using this O_-x71.7/
value along with the measured values of the fluorescence
intensities and the excitation pulse intensity, and the radi-

- YAG

", ED-2 Wil1018

.i4

0 - X 532nm

0100 A0B

529 530 531 532 533 aO xtao

FIG., 5: Variation of the excited state absorption 'cross sa"-
FIG. 4. Absorption spectra of Ndwd in three hosts in the re- tioS 01 (532.0 nm excitation) and AG (354.7 n excitation)gion of 532.0 nm excitation. with excitation pulse width for Nd-YAG. '
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TABLE I. Summary of parameters (A1=30 ps; T-300 K)._lO°

. Host .- AL

Parameter YAG " YGG ED-S 2
0-- 0 lOOps

T, YAS) 220 264 320 o-o 2000.
, r2 0.3 0.3 0.4
'(psr 3.0 2.0 1.0

,rd (us) 2.0 4.3
81 (Hz) S.4X 102 9.OX 10 l lx"
#j (Hz) 2.7X 10's 4.OX 10" 1al (CM2)  2.I1X 10- '9 3.5 x 10- 19 7

UM (CMo) 8.2X 10-" 6.5X10-"

A'.-

IV. RESULTS FOR 354.7 nm EXCITATION

The spectral dynamics are more complex after excita-
tion by the frequency-tripled output of the Nd-YAG
laser.' Figure 6 shows a simplified rate equation diagram 1.o,
to describe the results. The tripled output of the Nd- os to s
YAG laser is in resonance with a transition from the t(ps)

ground state to one of the Strak components of the 4D 3/2 FIG. 7. Time evolution of the ratios of the integrated fluores-
level. Electrons excited to this level can either relax radia- cence intensities of the emission from the 2P3/2 and (F2),/2
tionlessly to the 2P3/2 metastable state or undergo a metastable states after 354.7 nm excitation of different pulse
second photon absorption process to one of the 5d levels, widths for Nd-YAG.
The properties of the 2P3/2 metastable state for Nd-YAG
were characterized in Ref. 1. The electrons excited to the
5d level relax back to the 2(F2)5/2 metastable state and Fig. 7 are different for different pulse widths again shows
decay radiatively as described in the preceding sect ion. that the two-photon excitation mechanism involves a

The various excitation and decay rates and the level resonant, real intermediate state. The cross section for the
populations are designated in Fig. 6. The rate equations excited-state absorption part of this STEP mechanism is
for this model were solved in Ref. 1 and the results given by Eq. (1) with the subscripts designating levels I
predict the time evolution of the ratio of the fluorescence and i being replaced by 2 and j. The procedure described
intensities from level 2 to level 3 to decrease exponential- in the preceding section for estimating the relaxation rate
ly. Figure 7 shows the time dependence of 12/13 for four of the intermediate level can be applied to find values for

different excitation pulse widths. An exponential decrease fl using the absorption spectra in the region of the 4D3/2
is seen for each case as predicted. level shown in Fig. 8. The values obtained from this pro-

The fact that the slopes and intercepts of the curves in cedure are listed in Table I and ajd is plotted versus At for
the Nd-YAG sample in Fig. 5. Experimental error in
determining the corrected values of the intensities limits

Sd -d the accuracy of the oa value to ±8 X 10- s cm 2.
2F2/ 2 - % n

2n2 _ :

N /

92, 12

4FIG. 6. Rate diagram for interpreting the spectral dynamics so' 362 "354 356 388 360 362
observed after high-power excitation at. 354.7.nmmr.The.g. Ws. . MnnU : . -.~represent excitation rates and the ifs represent decay rates. The
n's are the populations of the various energy levels and the l's FIG. 8. Absorption spectra of Nd3 + in three hosts in the re-
are the fluorescence emission intensities, vton of 354.7 nm excitation.- 4-
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Similar measurements were made on the Nd-YGaG and time can affect the value for (0) used in Eq. (1) to deter-
Nd-ED-2 samples and the results are given in Table L mine the magnitude of oa.
The magnitudes of both theajdand the O pramneter are
similar for the two crystalline samples. However it was
not possible to determine accurate values for these param- V. DISCUSSION AND CONCLUSIONS
eters for the glass sample due to the spectral characteris- The results obtained in this study show that the spec-
tics shown in FilLs 8 and 9. The extremely broad, un- troscopic properties of Ndl + ions in YGaG and ED-2
resolved shape of the 'D 3 /2 absorption band prevents ac- host under high-power, picosecond-puke excitation are
curate evaluation of Pj. Figure 9 compares the fluores- similar to those observed in YAG.' The fluorescence life-
cence emission of Nd-ED-2 in the 400 nm spectral region times of the three metastable states of the 4f3 conIgura-
after 532.0 nm STEP excitation and after 354.7 din STEP tion observed in this investigation are listed in Table I.
excitation. The former process leads to line emission The nonradiative decay rate for the 5d.4f process in Nd-
from the '(F2)s/2 metastable state with a fluorescence de- YGaG is similar to that found for Nd-YAG. However, in
cay time of 1.06 /us whereas the latter type of excitation the ED-2 glass host Nd 3+ multiphonon excitation with
results in broad band fluorescence with a 40 us lifetime. 354.7 nm pumping resulted in energy transfer to Ce3+

The broad band is attributed to radiative emission from which decayed radiatively. The measured fluorescence
the 5d level of the Ce3+ ions present in the host glass ex- decay time is similar to the 5d lifetime found previously
cited by energy transfer from the Nd 3+ ions. by directly pumping Ce 3+ in ED-2 (Refs. 7 and 8) and

The variation of rjd with excitation pulse width shown that measured for CeL+ ions in YAG.9 The band position
in Fig. 5 for Nd-YAG is generally in agreement with the shown in Fig. 9 appears to be shifted to longer wave-
prediction of Eq. (1). However, there appears to be an ad- lengths compared to the Ce3+ emission shown in Ref. 7.
ditional time dependence which causes the cross section to This can be attributed to the effects of reabsorption. The
decrease more rapidly at smaller values for the excitation overlap of the fluorescence with the Ce3+ and Ndi+ ab-
pulse width. This can be attributed to the finite value of sorption bands on the high-energy side of the emission
O5

d which has been ignored in the derivation of the simpli- cuts off the band in this region. The undistorted band
fled expression for a.# given in Eq. (1). The fluorescence shape can be observed only for very small samples with
emission from the (F2 )s/2 level exhibits an initial rise very small Ce3+ concentrations and observation of the
after 354.7 am STEP excitation through the 5d level fluorescence from the front face. To prove that the ob-
which is not observed after 532.0 an STEP excitation or served emission is associated with Ce3+ , we studied two
direct excitation of this metastable state The time at other glass samples under the same excitation conditions.
which the fluorescence reaches its maximum value, t.,, One contained Ce 3+ only and the other contained only
can be related to the decay rates of the 5d and the Nd3+ . The first exhibited the same broad band shown in
2(F2)5/2 levels through the expression6  Fig. 9 and the other showed the series of sharper lines.

t. = - 3rdln( td/r3)/( Ard - 3 ). (3) Similar experiments performed on NdP5O14 and
YVO 4:Nd crystals with 532.0 nm excitation gave signifi-

The values determined for the relaxation time of the 5d cantly different results from those reported above. In the
level for the two crystalline samples are of the order of a former crystal no STEP mechanism was observed even
few nanoseconds as listed in Table I. This d-f relaxation with high excitation powers. In the latter crystal the

STEP mechanism resulted in the fluorescence of the host
vanadate emission band indicating delocalization of the
excited electron. These different types of responses ap-
pear to be associated with the location of the 2(F2)5/2 en-

• " ergy level with respect to the host band edge. This will be
the subject of future investigations.

There have been several other investigations of multi-I I photon excitation processes of Nd3+ ions in solids. 1- 13

7 However, these have each involved experimental condi-
r , tiom very different from the high-power picosecond-pulse

I I excitation used here. Under some conditions, two-photon
Proc s involving virtual intermediate states have been

servedo We were unable to observe such processes us-

2 ing the fundamental emission from the Nd-YAG laser
with 30 ps pulses. Results of other studies have been in-

I , ,' terpreted using theoretical models involving virtual inter-

S ,,mediate states even though resonant enhancement due to
°ao ,.. .," ,real intermediate states was present."' 2 A model involv-

450 ing a STEP mechanism was employed in Ref. 13, but no
**. ).unambiguous evidence was provided to justify this inter-

FIG. 9. Fluorescence spectra of Nd-ED-2 near 400 nm after pretation.
high-power excitation at 532.0 am (dashed line) and at 354.7 nm The time-resolved spectroscopy technique used here
(slid line), provides a sensitive experimental method for obtaining
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two-photon absorption crMs sections for the crystalline widths of the intermediate and final levels. The theoreti-

materials investigated here. However, the problem of in- cally predicted cross section is 4.5 x 10-19 cm2 which is in
homogeneous broadening in the glass sample demon- good agreement with the measured values.
strates the limitation of this technique. The more conven- The magnitudes of the cross sections of the second
tional pulse-probe technique is required to obtain the tran- steps of the two-photon transitions after 354.7 nm excita-
sition cross section in this case. The data obtained from tion are significantly greater than those measured for the
these measurements can be interpreted ether in terms of STEP mechanism involving 532.0 am excitation. This is
two-photon processes involving virtual intermediate states becaue the 4f-Sd transition involves states of different.

or the STEP mechanism. In Ref. I we arbitrarily chose to parity and therefore is an allowed transition. Equation (4)
use the former approach since it is more general and no cannot be applied to the Nd-YAG data for this case since
evidence supporting either type of mechanism was avail- it uses the fluorescence lifetime of the final state of the
able. However, the variation of the two-photon excitation absorption transition and the 5d level does not exhibit ra-
efficiency with excitation pulse width reported here con- diative emission for this material.

clusively demonstrates that STEP mechanisms are respon- In conclusion, the results reported here provide evi-
sible for both types of two-photon transitions which were dence for two types of STEP mechanisms in Nd-doped
investigated. The cross sections for the first steps in these materials and supply new information about 5d radiation-
two sequential processes have been tabulated previously less relaxation transitions. Enhancing our understanding
for Nd-YAG.14 Cross sections for 4f-4f transitions of of these processes can be important in determining the
Nd 3 + in glass hosts are known to be smaller by about an spectral dynamics of these laser materials under high-
order of magnitude due to inhomogeneous broadening."5  power, fast pulse excitation conditions. This may be
The magnitudes of the cross sections measured for the relevant to developing uv or cascade laser pumping
second steps in the two-photon processes excited by 532.0 schemes.
nm pulses are similar to those of the first steps. Theoreti- ACKNOWLEDGMENTS
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Investigation of Energy Transfer Processes in Nb-Compensated
CaMoO 4 : Nd Crystals
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The temperature dependence and time evolution of the fluorescence was studied for samples of
CaMoO.: YNbO. and CaMoO,: NdNbO., and the results are used to characterize the thermal
quenching and host-sensitized energy transfer properties of these materials. Doping with YNbO, is
found to enhance the room-temperature luminescence yield of CaMoO,. Efficient host-sensitized
energy transfer to Ndl" ions was observed in CaMoO4 : NdNbO4.and the fluorescence lifetime of Nd"
was found to be close to its radiative lifetime in this host. 0 1W7 ,WAcak'u. Pryw. Inc.

I. Introductiom Brixner at DuPont (7). The coupled substi-
tution Ca:* + Mo = Ln* + Nbs keeps

Molybdates are interesting materials for the Ln3  dopant ions in the trivalent state.
phosphor and laser applications, CaMoO4  Our samples contained approximately 1.2
exhibits a green fluorescence emission band mole% NdNbO or YNbO4.
attributed to charge transfer transitions of The absorption spectra were recorded on
the MoO2- molecular ion (1-3). This is an a Perkin-Elmer spectrophotometer. The
intense luminescence at low temperatures fluorescence spectra and lifetimes were
but is strongly quenched at room tempera- measured using a pulsed nitrogen laser as
ture. Molybdates such as CaMoO 4 and an excitation source at X, = 337.1 nm. The
SrMoO4 doped with Nd'* and charge corn- excitation pulse is less than 0.4 nm wide
pensated with Nb (5) have been shown to and 10 nsec in duration. The samples were
be good laser materials (4-6). We report mounted in a cryogenic refrigerator capable
here an investigation of the properties of of controlling the temperature between 10
thermal quenching and host-sensitized and 300 K. The fluorescence was analyzed
energy transfer in the materials CaMo by a 1-m monochromator. detected by a
04: YNbO4 and CaMoO4 : NdNbO4. cooled RCA C31034 photomultiplier tube,

Single crystals were grown from con- averaged by a boxcar integrator triggered
gruent melts by the Czochralski method by by the laser, and displayed on a strip-chart

recorder. To investigate the characteristics
Permanent address: Applied Solid State Chem- of host-sensitized energy transfer, time-

istry Laboratory. Faculty of Sciences. Charia lbn resolved spectroscopy (TRS) measure-
Batota Rabat. Morocco. ments were made by gating the boxcar to

369 0022-4596,87 $3.00
Copvrtht I IW7 h, A,kmws Pf Inc
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which are similar to Nd3  spectral features
in other host crystals. In Fig. 2 the Nd' +

emission lines in the visible region of the
spectrum associated with the transitions'

IS, from the 4F metastable state to the crystal
-" a field components of the %1a ground state

manifold are seen between 850 and 900 nm.
These transitions can be used to monitor

.. the fluorescence quenching and energy
" transfer processes of interest to this study.

,--) 41 The Nd3 lines dominate the spectrum

FIG. I. Examples of f ence spectra of some observed at 30 / sec after the excitation

ram earth-doped moiybate crystals. (A) Camo pulse, whereas the spectrum taken at 100
04: YNbO, at 100 psaec after the laser pulse. T = 300 nsec after the laser pulse also shows the
K: (B) CaMoO,: NdNbO. at 0o Am ar the laaer broad emission band of the host crystal. In
pulse. T - II K; (C) CaMoO.: NdNbO. at 100 nsec this case the host emission band exhibits
after the laser pulse. T = 300 K: (D) significant structure associated with radia-
CaMoO,: NdNbO, at 30 *gsec after the laser pulse. T= tive reabsorption of the fluorescence by the
300 K. l

Nd 3 ions. The ratio of the integrated areas
of the dips in the band caused by radiative
energy transfer to that of the total band was

record the spectra at set times after the found to remain constant at a value of about
laser pulse. 0.2 with time after the excitation pulse for

all temperatures. This is discussed further

N. Expeiimeatal Resi in the following section.
The temperature dependences of the

The absorption edge of these samples fluorescence lifetimes of the host emission
occurs near 340.0 nm. which is similar to
undoped CaMoO, crystals. The tempera-
ture and time dependences of the fluo- 00

rescence emission were studied in detail for
both of the samples. Typical examples of
the emission spectra taken under different - --- _--._.o-.-.--- o0
experimental conditions are shown in Fig. 10 0-0 0

1. CaMoO4: YNbO4 has a broad fluo-
rescence band in the region 400 to 800 nm r. 20"
similar to CaMoO 4, except that the emis-
sion intensity is stronger and the fluo-
rescence lifetime longer at room v ,o
temperature than in the undoped material . ".
(1-3). The structure of this band indicates
the presence of two or more unresolved %

transitions contributing to the observed TM
emission. FIG. 2. Temperature dependence of the fluores-

scence lifetimes of CaMoO.:YNbO. (solid circlesi.
CaMoO 4 : NdNbO4 are a series of sharp CaMoO.: NdNbO. host emission (squares). and Nd "

lines associated with 4f-4f transitions emission (open circles).

" "~--. " " V ... "~ " '. ... ""4' , ',, '
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in both the YNbO- (4) and NdNbO- (t) I
doped samples, and the Nd' emission (r)
in the latter sample, are shown in Fig. 2. 4.H
exhibits a significant decrease between 10 K
and room temperature. The spread in data -

points at low temperature is associated with
different values measured at different spec- 110
tral positions across the broad emission
band. This may be attributed to the effects
of inhomogeneous broadening at low tem-
peratures due to local disorder in the crys-
tal. Phonon processes cause homogeneous
broadening to dominate at high tempera-
tures and a single lifetime is measured for T(K)

all positions in the band. The temperature Fio. 3. Temperare dependences of the peak fluo*
dependence of the host fluorescence life- reacence intensities of (a) CaMoO 4: YNbO. and (b)
time in the NdNbOs-doped sample is signif- CaMoo.: NdNbO. host emission, the intesrated fIluo-
icantly different from that of the YNbO4 rscence intensities of CaMoO.: NdNbO. host emis-
sample, and the magnitude of N is less than o~ (circles) and Nd' . emission (squas. and theratios of the interated fluorescence intensities of the
that of H at all temperatures. 7H increases Nd' and host emission in CaMoO4: NdNbO, (c).
between 10 and 145 K and then decreases
as temperature is raised to 300 K. These
characteristics are the effects of host- tends toward a constant value. The ratio of
sensitized energy transfer as well as the the integrated intensities of the Nd + emis-
presence of thermal quenching, and are sion and the host emission in the
discussed further in the following section. CaMoO 4 : NdNbO 4 sample is constant
The Nd + fluorescence lifetime is about 148 between about 50 and 150 K and then
.sec at all temperatures, which is close to decreases exponentially as temperature is

the radiative decay time of 152 Asec pre- increased to 300 K.
dicted by earlier measurements (8).

Figure 3 shows the temperature depen- I. Interpretation of Results
dences of the fluorescence intensities of the
host and Nd3 emission bands in both the The independence of the absorption band
YNbO4- and NdNbO4-doped samples. The edge on doping compositions has been
peaks of the host emission bands in both observed previously (I. 9). The band edge
samples are normalized to a value of 10 at absorption has been attributed to a charge
300 K. These peak intensities generally transfer transition in which an oxygen 2p
decrease exponentially as temperature is electron goes into one of the empty 4d
lowered. The rate of decrease is greater for orbitals of the molybdenum (9). The host
the host peak in the NdNbO4-doped emission band is associated with the Stokes
sample, which exhibits a slight initial shifted reverse of this transition. For the
increase as temperature is lowered from samples investigated here, the large spec-
300 K and then tends to become constant tral shift and long low-temperature lifetime
below 100 K. The integrated intensity of the suggest the presence of radiationless relax-
Nd' fluorescence near 875 nm also ation to a triplet excited state before a spin
decreases exponentially with decreasing forbidden radiative emission to the singlet
temperature down to about 100 K and then ground state (/0).
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The fact that the peak fluorescence values giving the best fits are AE - 212.7
intensity of the host emission band in cm' 7f = 50 &.sec. and If - 17.9. The
CaMoO4 : YNbO4 increases while the values used for the trapped exciton lifetime
fluorescence lifetime decreases with in- (WJ and intensity (1) are found from extra-
creasing temperature indicates that ther- poiating the experimental data to zero tem-
mal processes enhance the radiative emis- perature.
sion. A comparison of these results with Investigating the characteristics of
those published previously (1) for CaMoO4  energy transfer from the host crystal to an
shows that the presence of YNbO4 optically active impurity ion such as Nd +

enhances the room-temperature lumines- can provide further insight into the host
cence. The mechanism for thermal quench- energy migration and quenching processes.
ing of the luminescence in the similar For CaMoO 4 : NdNbO4, host-sensitized
materials of CaWO4 and YVO 4 has been energy transfer can take place both radia-
identified as thermally activated migration tively and nonradiatively. The contribu-
of the excitation energy to quenching cen- tions due to these two processes can be
ters (11-13). The introduction of defects separated through their different effects on
into the host crystal can either enhance the the host fluorescence properties. Radiative
quenching if the defects act as additional reabsorption does not change the observed
quenching centers or decrease the quench- lifetime of the host fluorescence while radi-
ing if the defects act as scattering or recom- ationless energy transfer produces lifetime
bination centers to inhibit the exciton quenching. In addition, the measurements
migration. If this model is valid for of the structure in the host emission band
CaMoO 4, the presence of YNbO4 appears due to reabsorption show that the radiative
to introduce recombination centers which energy transfer contribution is independent
cause the mobile excitons to have a higher of temperature and time after the excitation
radiative decay rate than the self-trapped pulse. Radiationless energy transfer varies
excitons. with both parameters. Our main interest

The temperature dependences of the here is understanding the mechanism of
fluorescence intensity and lifetime of the radiationless energy transfer and the fol-
CaMoO4 : YNb0 4 sample can be attributed lowing discussion deals only with this con-
to the emission from both free and self- tribution to the total energy transfer.
trapped excitons with a thermal equilibrium The temperature variation of the fluo-
distribution of the relative population of the rescence intensity ratios shown in Fig. 3
two states. These are described by the indicates a constant efficiency for host-
expressions sensitized energy transfer between 50 and

150 K, and then a decrease in transfer
7-'(T) = r7' + T' exp(-AEkT) (I) efficiency as temperature is raised to 300 K.

(T) = It + It exp(-E/_kT), (2) The rate of energy transfer can be defined
from the expression

where k is Boltzmann's constant and AE is - -
the activation energy between the free and W = 7H - (70 (3)
mobile exciton states. The solid lines in The values of (a obtained from the lifetime
Fig. 2 and curve (a) of Fig. 3 represent the measurements are plotted versus T in
best fits to the data using these equations Fig. 4. Between 10 and 150 K. the energy
and treating the activation energy and the transfer rate decreases, and then it
free exciton lifetime (Trf) and emission inten- increases as temperature is raised to 300 K.
sity (If) as adjustable parameters. The Although both the transfer efficiency and

I
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FIG. 5. Time evolution of the integrated fluo-
rescence intensity ratios of the Nd and host emission
in CaMoO.: NdNbO, at 10 K. (open circles), 170 K
(solid circles), and 300 K (squares). (See text for
explanation of theoretical lines.)

FIG. 4. Temperature dependence of the host-
sensitized energy transfer rate. Circles with the dashed
line represent values obtained from lifetime quenching tor ions, respectively, while 6H and 6A are
measurements and the solid line is obtained from the their fluorescence decay rates. WH and WAresults of TRS m easurem ents. h i l o e c n e d ca a e . W n Ak

are the direct pumping rates of the host and
activators. The latter will include any exci-

transfer rate show changes in their proper- tation of the Nd ions due to radiative
ties at T = 150 K. they appear to give energy transfer. w and bc' are the energy
contradictory information about the ten- transfer and back transfer rates. which for

contaditor inormtionabot te trn-this model are taken to be time indepen-
perature variation of the host-sensitized
energy transfer. We attempted to resolve dent. The rate equations for the excited
this apparent discrepancy through time- state populations are given by
resolved spectroscopy measurements. The dnH/dt = WH - HnH - W'nH + W'nA (4)
fluorescence spectra shown at two times
after the laser pulse in Fig. I demonstrates dnA/dt = WA - I3 nA + OnA - WflA. (5)
the time dependence of the energy transfer Solving these equations for a delta function
from the host to the Nd3" ions. The time excitation pulse gives the ratio of the
evolution of this energy transfer was excited state populations which is related to
obtained at numerous temperatures by
measuring the fluorescence spectra at many
different times after the excitation pulse.
Figure 5 shows examples of the time varia-
tion of the ratios of the integrated fluo- RA

rescence intensities of the Nd3  and host w 0 04
emission bands at several temperatures. WA O

Different models were required to obtain
the best fits to the TRS data at high and low
temperatures. Above 200 K the rate equa-
tion model shown in Fig. 6 was used. nH FIG. 6. Energy levels and rate parameters for inter-
and nA represent the concentrations of preting host-sensitized energy transfer in CaMo
excited states of the host and Nd' + activa- 0,: NdNbO.. (See text for explanation of notation.)
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the observed ratio of the fluorescence TABLE I

intensities through a factor of the ratio of Ereaoy TamwSu PARAMemrs Fo

the radiative decay rates, pA/4, CaMoO,: NdNbO.

IA(t)IH(lt) = [IA(O)/IH(O)] T .' .mta,)

{[ + G, tanh(Bt)iJ[l + G2 tanh(Br)J. (6) (ID m "IOw)m ,- M-1, (,M-')

where M Eq. "A 0.149O 0.1o0 .m 031M0
27 5 . 1) 01., 00722 0M 0.072

ft = {[(a. +- fH -(h' - A)/2 2 +-  ,}i2 25 Eq. 6) 0.268 0.0577 0.0 0029

]220 Eq. 403 0400 0.009 0.0 0.0249
90(( + P (721.- 0000 0.019 0.0 00(390 Eq. 'n. q - o.o00 o.oam, o.0 0,0o36

G, = {[nH(O)/nA()]o, .70 Eq* 7.-, 0000 oo 90 00 0.0 11
+ [€o, + H - - IA]I}IB 0 Eq.,q-I0 0.200 0. 0.0 0.0383

+ C H -6) A 2/ 90 EqM*..I 0.720 0.0682 0.0 0.0445
0 Eq7).- 10 0.400 0.18W 0 .0 o .10UJG2= {(nA(0)/nH(0)]oi'

- [#w + PH - w' - ~PAMI/&.
An example of the best fit to the data
obtained using this equation and treating
the initial intensity ratio, energy transfer. Since the TRS analysis gives a time-
and back transfer rates as adjustable dependent energy transfer rate in the low-
parameters can be seen by the solid line in temperature region, the values listed in
Fig. 5. The parameters giving the best fits to Table I and plotted in Fig. 5 are for a
the data at different temperatures are listed specific time after the excitation pulse. For
in Table I. The ratio of the radiative decay the purpose of this comparison we have
rates is approximated by the ratio of the chosen the values at 15 .sec. The general
measured fluorescence decay rates extra- shapes of the curves of w versus Tobtained
polated to 0 K. from the two different types of measure-

At temperatures of 150 K and less, the ments are similar and show a distinct
same general model shown in Fig. 6 can be change in properties near 150 K. At the
used to interpret the TRS data, but the back highest and lowest temperatures the magni-
transfer rate is zero and the energy transfer tudes of w obtained by the two methods are
rate is time dependent. Solving the rate very similar, while at intermediate tempera-
equations under these conditions leads to tures the values of o, obtained from TRS
the expression (4) measurements are larger than those

obtained from lifetime quenching measure-
IA(t)lH(t) = {[IA(O)I 1 H(O)] ments.

+ 1} exp(wt-) - ', (7)

where q = 6, 8, or 10 for electric dipole- IV. Conchilons;
dipole, dipole-quadrupole, or quadrupole-
quadrupole interaction. Examples of the The results reported here show that effi-
best fits to the TRS data are shown as solid cient host-sensitized energy transfer takes
lines in Fig. 5 and the parameters needed to place in CaMoO 4 : NdNbO 4 . At low temper-
obtain the best fits for each temperature are atures the characteristics of the transfer
listed in Table I. process are consistent with a single-step,

The values obtained for w from fitting the multipole-multipole interaction mecha-
TRS data are used to plot the solid line in nism. The rate of this process decreases as
Fig. 4 for the purpose of comparing these temperature is raised while the total
results with the values of 05 obtained from amount of energy transfer remains con-
the lifetime quenching measurements. stant. This is consistent with transfer from

. U U U .-
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localized excited states of MoOt= molecu- nation centers for the migrating excitons.
lar ions to their nearest-neighbor Nd3+ ions, The room-temperature quantum efficiency
with a statistical distribution of transfer of the CaMoO 4 : YNbO, crystal investi-
distances. Increasing temperature causes ated here was approximately 18%.
the energy transfer to occur with a smaller Although this is not high, it appears that
rate but allows the same total amount of this type of mixed crystal might be usable
transfer to occur. This can be explained if for broadband tunable laser applications.
the laser is preferentially exciting MOO4- The efficient host-sensitized energy trans-
ions near Nd3 + ions. This is very probably fer observed here along with the optically
the case since the laser excitation at 337.1 pumped laser properties of CaMoO4 : Nd
nm is just higher than the band edge of NbO4 reported previously (4, 6) indicates
340.0 nm. and it has been shown for other that this type of mixed crystal may be a
materials that excitation into the -red good laser material for nitrogen or eximer
edge" of the host band preferentially laser pumping.
excites regions of the host crystal near
defects (12, 14). If there are extended trap-
ping regions around each activator, increas- Acnowledgments
ing the temperature will allow excitons in Ts w s by the U.S. Army
the outer regions of the trap to migrate Research Office. The crystals were supplied by L. H.
closer to the Nd3 + before transfer occurs. Brtixner of DuPont.

At very high temperatures the host-
sensitized energy transfer characteristics
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Fluorescence spectra, excitation spectra, and fluorescence lifetimes are reported for a series of BaYF5
crystals doped with Eu2*, Er3, or Ho3*. or codoped with Eu z  and either Era or Ho3 ions. These
data were obtained as a function of concentration of active ions and temperature. The rate and
efficiency of energy transfer between pairs of ions is obtained and the mechanism for energy transfer is
found to be electric dipole-dipole interaction. In addition, multiphonon radiationless decay rates are
determined for Er3 in this host. v iss9 Academic Press, Inc.

litroduedo. acteristics of energy transfer between Eu2 +

and the trivalent rare earth ions in the latter
Doped fluoride crystals of the type two crystals.

BaLnFs and BaLn 2Fs (Ln = La, • - • Lu, and The samples were prepared by solid state
Y) are an important class of materials for reaction of a stoichiometric mixture of fluo-
laser, phosphor, and upconversion applica- rides in a pure nitrogen flow or N 2/H 2 mix-
tions (1-5). These host crystals can be si- ture. The stoichiometric mixtures were
multaneously doped with divalent and tri- loaded in graphite capsules and fired for
valent rare earth ions. The former have about 20 hr at 1000"C. The BaYF5 samples
strong, broad absorption bands ideal for op- were checked by X-ray diffraction and
tical pumping while the latter have sharp found to be cubic with a unit cell dimension
emission lines with much longer lifetimes of 5.9 A.
ideal for generating stimulated emission. To The samples were mounted in a cryo-
make optimum use of these properties in genic refrigerator capable of controlling the
designing materials for specific applica- temperature between 10 and 300 K. For flu-
tions, it is important to characterize the orescence spectra and lifetime measure-
process of energy transfer taking place be- ments, excitation was provided by a nitro-
tween these two types of ions. This paper gen laser pulse 10 ns in duration and 1.0 A
describes the fluorescence properties of in half width centered at 337.1 nm. The
BaYF5: Eu 2+ , BaYF5: Eu2 *,Er3' , and emission was focused onto the entrance slit
BaYF5Eu2+,Ho' and presents the char- of a 1-m Spex monochromator set for a res-

olution of I A. The signal was detected by a
On leave from Changchun Institute of Physics. Chi- cooled RCA C31034 photomultiplier tube

nese Academy of Science. Changchun, China. and analyzed by an EGG/PAR boxcar inte-
83 0022-4596/86 S3.00
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at approximately 260 and 332 nm which are
-lax U similar to Eu2  absorption bands reported

*a* in other host crystals. The nitrogen laser
0 0M excitation efficiently pumps the low-energy

absorption band. Figure I shows the fluo-

rescence spectra of Eu2  in BaYF 5 at 4 As
after the excitation pulse for three dopingconcentrations at both high and low tem-

20 peratures. Each spectrum consists of a
broad band in the near UV spectral region
as is common for Eu2+ in other strong crys-
tal field hosts. This is due to the allowed
transition from the lowest level of the

20.-5 4!5d' configuration to the ground state of
0 400 4M 40 the 4f7 configuration. The emission bands

x,(m) shown in Fig. 1 are broadened and shifted
to lower energy as temperature is increased

FIG. 1. Fluorescence spectra of Eu
2 ' 

in BaYF5 at 4 and as concntr t ure is increased
js after a nitrogen laser excitation pulse. and as concentration of Eu

2 + is increased.
The fluorescence decays for these sam-

ples were observed to be single exponen-
grator before being displayed on a strip- tials with lifetimes less than a microsecond.
chart recorder. The boxcar window was ei- These are listed in Table I. They were
ther set to give time-resolved spectra or found to be independent of temperature and
scanned to determine lifetimes. Excitation are typical magnitudes for parity- and spin-
spectra were obtained with xenon lamp ex- allowed transitions.
citation.

Spectra of Ba YF5: Eu + ,Er3 +

Experimental Results The room-temperature fluorescence
spectrum of BaYF 5 : Eu 2: ,Er3  after pulsed

Spectra of Ba YFs:Eu nitrogen laser excitation is shown in Fig. 2.
The excitation spectra of the three Eu2+- The spectrum consists of two features: the

doped samples consist of two broad bands first is the broad Eu2' band similar to that

TABLE I

Eu-ErI DECAY TIME AND ENERGY TRANSFER PARAMETERS (300 K)

Sample

(mole %) WS)

Eu Er Eu Er Er I? oJS-) Ro(A)

0.5 0.0 0.71
1.0 0.0 0.50
5.0 0.0 0.21
0.5 0.3 0.55 0.225 0.41 9.0
0.5 1.0 0.50 0.296 0.59 7.6 %
0.5 3.0 0.34 370 54 0.521 1.53 7.7 ,
0.5 5.0 0.24 0.662 2.56 6.8 N

%k

k.

j'
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at room temperature. BaY [

seen in Fig. 1; the second is the series of 2 3 4 5

sharp fines associated with the 4f-4f transi- X(001

tions of the Er ions. The set of lines in the FIG. 4. Relative intensity ofthe Eu2' emission at 380
540- to 560-nm spectral region corresponds tun and the Er3

" 
emission at 540 run for samples of

BaYF containing 0.5 mole% Eu2 ' as a function of Xto transitions between levels of the 'S3/- mole% Ex * at room temperature.

4115a manifolds; those in the 522- to 535-nm
region correspond to 2Hnt/2-4t1t2 transi-
tions; and the blue emission lines are asso- tion razes in this host as discussed below.
ciated with the 2Hwz-4 15 2 transitions. The Infrared emission was not investigated.
latter are weak but grow with increasing Figure 3 compares the room-temperature
Er3  concentration. The red emission of excitation spectra of E, I in BaYF samples
Er3 associated with the 'F, - 4I1 1 2 transi- with and without Eu2 . Several sets of
tions which is seen in other hosts is not sharp lines belonging to Er3 absorption
observed in BaYF 5 at either high or low transitions are observed in both spectra
temperature under UV excitation. This while the broad Eu2* absorption band ap-
may be due to reduced multiphonon relaxa- pears only in the Eu-"-doped sample. These

results show that efficient energy transfer
occurs from Eu to Er3 ions in BaYF5.

Figure 4 shows the fluorescence intensi-
,s- 6401mm ties of the Eu2+ emission at 381 nm and the

Er3+ emission at 540 n plotted as a func-
a,. tion of the Er3  concentration in BaYF5 a:

3 . room temperature. The Eu concentration
Sis fixed at 0.5 mole% in these samples. The

intensity of Er3 emission increases while
athat of Eu2  decreases with increasing Er3

concentration up to about 3 mole%. This
* 40 0 can be attributed to increased energy trans-

WavIAW, (n.o fer efficiency as the average separation be-tween Eu-+ and Er3' ions decreases. At
Firo. 3. Room-temperature excitation spectra of Er' t

emission of two ainples at 540 nm with 0.5 mole% higher concentrations, the Er3' emission in-
Er' . One samp, :ontained no Eu-* (broken line) and tensity also decreases due to interactions
the other contained 0.5 mole% Eu-*. between neighboring Er 3 ions.

%,
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spectively. The latter is treated as the emis-
sion of p phonons of energy Aw needed to

A 6cross an energy gap &E = pfw. W(0) is the
zero temperature rate for the multiphonon

0 process and C and a are parameters associ-
ated with the specific host material. For the
case of interest here, the energy gap is ap-
proximately 3030 cm-'. The value for the
maximum phonon energy in BaYF 2 has not
been measured but should be of the order of
350 cm-1 as found for other fluoride crys-
tals. This assumption leads to a p = 9

0 m0 200 300 phonon process. Using these values in Eqs.
T (X) (1) and (2), a good fit to t. observed tem-

Fi. 5. Temperature dependence of the fluorescence perature dependence of the fluorescence
lifetimes (circles) and rise times (squares) of Ert* 'S lifetime can be obtained for values of W, =
emission in BaYFj: Eu2 ,Er' containing 0.5 mole% 1.44 X 103 sec-' and War = 0.17 x 103 sec'.
Eu2  and 3.0 mole% Er . For other fluoride crystals the value of a

has been determined to be close to 4 x 10- 3

cm (6). Using this value in Eq. (3) gives a
The fluorescence decay patterns of Er3  value for C of 3.1 x 107 sec-. This is con-

after nitrogen laser excitation exhibit an ini- sistent with the results of Johnson and Gug-
tial rise and then an exponential decay. The genheim on BaY2F 8 crystals (10). The fact
temperature dependences of the rise and that W, is an order of magnetude larger than
decay times are shown in Fig. 5 and the W,, at low temperatures is consistent with
measured values are listed in Table I. the fact that no fluorescence is observed
Above about 100 K, the rise and decay from the 4Iw2 level.
times decrease similarly with increasing There can be two possible origins for the
temperature. As temperature is lowered be- observed rise times in the fluorescence
low 100 K the rise time continues to in- emission patterns. The first is the process
crease while the lifetime tends toward a of energy transfer from Eu 2 - to Erl" and
constant value. The temperature depen- the second is the process of radiationless
dence of the fluorescence lifetime is associ- relaxation from the higher energy levels of
ated with the change in the rate of the Er3+ down to the 4S3, metastable state. The
multiphonon radiationless relaxation pro- dominant contribution to the observed rise
cess from the 4S/ level to the 4I2 level, time is due to the process having the small-
This is described by (6-10) est transition rate. In both cases the expres-

Wf = Wr + WW (1) sion for the rise time tr is

with tr (W2-Wf)-' ln(W2/W) (4)

.= W(0)e'AkTI(eIT - 1)]P (2) where W2 is either the energy transfer rate
for the radiationless relaxation rate. The

where value for the energy transfer rate can be
=Ce . ( found from the quenching of the Eu2- fluo-

rescence lifetime as discussed below. If the

Here Wf, W, and Wr are the fluorescence, value found in this way is substituted into
radiative, and nonradiative decay rates, re- Eq. (4) for W,, the predicted value for t, is
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0 , C.-') the observed risetime is definitely associ-
a ated with slow nonradiative relaxation pro-

t cesses and the assumptions made in analyz-
ing the temperature dependence of the
fluorescence decay time appear to be valid.

Figures 1 and 3 show that there is excel-
lent overlap between the Eu2  emission
band and the 4I,,52-'Ov2 absorption transi-
tions of Er 3 . This can produce both radia-
tive and radiationless energy transfer. Evi-
dence for the radiative-transfer mechanism

2, is provided by the reabsorption dips in the
Eu2+ emission band corresponding to the
4

1 s2- 4G n absorption transitions of Er * as
shown in Fig. 6. The area of the reabsorp-

360.360 :-,-) tion dips increases with Er 3  concentration.
Evidence for radiationless energy trans-

FIG. 6. Fluorescence spectra of Eu2* 
in BaYF,: fer is provided by the change in the decay

Eu2*.Er * 
containing 0.5 mole% Eu2 * and various pattern of the Eu 2 , fluorescence with in-

concentrations of Er'* at room temperature. creasing Er concentration as shown in

Fig. 7. The Eu 2  becomes nonexponential
much smaller than the observed value, at high Er3  concentrations and the lifetime
Thus the rise time is associated with a bot- becomes much shorter. The measured val-
tleneck in the multiphonon decay from the
excited states in Er3  after energy transfer
has occurred. Using the measured values of 1o&

the fluorescence decay times and the riseti-
mes in Eq. (4), values for the nonradiative
decay rate can be determined. Extrapolat-
ing this to low temperatures gives W'(0) = I
1.6 x 103 sec - t. Although this represents
the combined results of several different
multiphonon decay processes across differ- 1-

ent size energy gaps, the dominant contri-
bution will come from the process with the
largest energy gap. For relaxation after
pumping through energy transfer from
Eu 2 , the largest gap will be between the 4
2H9a and 4F3r levels which is approximately
AE = 2500 cm -'. Using this in Eq. (3) along
with the values of Candafoundfromana- ' 0 2
lyzing the temperature dependence of the rh O)

fluorescence decay time gives a predicted FIG. 7. Change in the Eu:* decay patterns as a func-
value for W'(0) of 1.4 x 10, sec - 1. This is tion of Er" concentration at room temperature in

BaYF,: Eu
2

'
, E

r3 crystals containing 0.5 mole% Eu
2 -

almost exactly the value determined from and Er* concentrations of (t) 0.0 mole%: (2) 0.5
the rise-time data and is significantly mole%; (3) 1.0 mole%: (4) 3.0 mole%: and (5) 5.0

smaller than the energy-transfer rate. Thus mole%. (See text for explanation of theoretical lines.)

-I
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multipole interaction. This can be used to
analyze the sensitizer decay patterns in Fig.
7. The best fits to the data found using Eq.
(7) are shown as solid lines. For the four
double-doped samples the best theoretical
fits were found using a value of s = 6 which
implies dipole-dipole interaction. The criti-
cal energy transfer concentration was
treated as an adjustible parameter and fit-
ting the data yields an average value of R0

0 [(4/3)rCo]' = 7.6 A. This critical trans-
C2 3( jo-3 fer distance is related to the transfer rate by

FIG. 8. Variation of Eul'-Er3 energy-transfer rate w = -," (RO/RI. 6  (8)
with the square of the total concentration of doping
ions at room temperature. The Eu2  concentration was where R,. is the separation between sensi-
fixed at 0.5 mole% and the Er' concentrations were tizer and activator ions. Using the values of
0.5. 1.0. 3.0, and 5.0 mole. listed in Table I obtained from lifetime

quenching measurements and the value of

ues of the lifetimes are listed in Table I. The R0 obtained above. Eq. (8) gives an average
efficiencies (71) and rates (w) of radiationless sensitizer-activator separation ranging

energy transfer were calculated from the from 9.3 to 7.4 A for these samples.
lifetime data using the expressions The values obtained for R0 and w are

S-physically reasonable for energy transfer
-d = T- - ro (5) between a divalent and trivalent rare earth

-1 dr = ar-(6) ion but it is not possible to obtain an accu-
rate theoretical prediction for Zhese values

where 70 is the intrinsic lifetime of the sen- because a quantitative absorption spectrum
sitizer and r is the lifetime of the sensitizer cannot be obtained on the small crystallite
in the presence of the acceptor. The life- samples presently available. An additional
time of the sensitizer in the presence of the check on the interpretation of the energy
acceptor. The values obtained for &j and -q
are listed in Table I.

The mechanism for radiationless energy -=WSEU2-'W3*

transfer between Eu 2* and Er3  can be de- f
termined using the theory developed by i
Forster (11) and extended by Dexter (12)
and Inokuti and Hirayama (13). In this the- 3i6 400 4W ,0 ,3 "a 1 o

ory the decay profile of the sensitizer after
pulsed excitation is given by

1(t) = 1(O)exp[-t/ar.
- r(l - 31s)(C.JCo)(tlr')'] (7)

where r,. is the intrinsic lifetime of the sen- M So 14 ISM W o . o 70
sitizer emission, C. is the activator concen- *W~VEUT (m'.)
tration. C0 is the critical energy-transfer FIG. 9. Room-temperature fluorescence spectra of
concentration, and s is a number indexing BaYF 5:Eu"(I.O mole%).Ho'-(3.0 mole%) after
the different types of electric multipole- 337.1-nm excitation.
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transfer mechanism as electric dipole-di- % -n -=h Mrs-
pole interaction is obtained by plotting the h "*
transfer rate versus the square of the total *-

concentration of doping ions as shown in
Fig. 8. The fact that (a varies linearly with
the square of the concentration is consis-
tent with the square of the concentration is "
consistent with the predictions of dipole- ,
dipole interaction (14). 4,,

Spectra of Ba YF 5 : Eu2',Ho .

The room-temperature fluorescence
spectra of BaYF5: Eu2+,HO3+ after pulsed
laser excitation at 337.1 nm is shown in Fig. 0 2 4 0

9. The broad band in the 380 nm spectral
region is associated with the d-f transition Fio. 10. Relative intensities of the Euz' (385 mn)
of Eu2 . The major emission from Ho' ap- and Ho)' (541 nm) emissions at room temperature in
pears in four spectral regions: 478-497 nm BaYF,: Eu"(I.0 mole%),Ho-(x mole%) as a function
(5F 3- 516); 530-560 nm (3S2_8Is); 635-663 nm of x.
(5F3 - 511 and 5F,-5I); and 746-764 am (ri1-
51$).

The room-temperature excitation spectra energy transfer. The Ho3 + emission inten-
of the 541 nm Ho3  emission fine for BaYF5 sity increases up to a concentration of
samples with and without Eu2  are similar about 3 mole% due to increased energy
to that of BaYF 5 : Eu 2 ,Er 3 + . The broad transfer from the Eu2 . At higher concen-
band associated with the f-d absorption tration levels Ho concentration quench-
transition of Eu2  appears in the excitation ing occurs. The Eu2 + fluorescence decay
spectrum of Ho3 which shows the presence time is also quenched by the addition of
of energy transfer from Eu'  to Ho 3+ . Ho3 . The values of these lifetimes are

Figure 10 shows the change in the rela- listed in Table II.
tive intensities of the Eu2" and Ho3  fluo- The quenching of the Eu- fluorescence
rescence emission as a function of Ho intensity and lifetime by the addition of
concentration. The Eu2  emission is Ho3

+ is due to the transfer of energy from
quenched by the addition of Ho3 due to the former to the latter type of ion. Using

TABLE II

Eul -Ho' DECAY TiME AND ENERGY TRANSFER PARAMETERS (300 K)

Sample
(mole %) "rJLS)

tr(j.s) ,

Eu Ho Eu Ho Ho , COAVs') R.(A)

1.0 1.0 0.34 0.32 0.94 9.8
1.0 3.0 0.30 102 13.5 0.40 1.33 5.7
1.0 5.0 0.26 0.48 1.85 5.3
1.0 10.0 0.20 0.60 3.00 5.3

e,.lM
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initial rise followed by a single exponential
- M, feMoW'*'iMfw M decay. The temperature dependences of the

fluorescence decay times and rise times of
Z | the Ho3 are shown in Fig. I I and the room-
Sa, temperature values are listed in Table 1I.

The measured rise times are again an order
of magnitude larger than those predicted

12 i1 theoretically using Eq. (4) and the mea-
sured energy transfer rate for W:. As be-

10. 1, fore, we attribute this to a bottleneck in the
radiationless relaxation processes due to

0 tco 00 3 weak multiphonon emission processes in
T Mt this type of host crystal. However, the

Fta. 1I. Temperature dependences of the fluor- shape of the temperature dependence of the
cence lifetimes (circles) and rise times (squares) of fluorescence lifetime can not be fit by using
Hon" iaYF,: Eu(.0 mole),Ho)*(3.0 mole%)af- Eqs. (1) and (2) and thus the various param-
ter 337.1 pulsed excitation. eters describing the relaxation processes

cannot be determined. The different shape
Eqs. (5) and (6) the transfer rate and effi- for the curve of the fluorescence lifetime
ciency can be determined and these are versus temperature may be associated with
listed in Table II. the interaction between Ho 3" ions which

The decay profiles of the activator ions occurs at the concentration present in this
excited through energy transfer exhibit an sample. This interaction may have an addi-

tional temperature dependence associated
with it which contributes to the observed
results.

The decay profiles of the sensitizer ions
in the presence of activators are nonex-

a ponential due to energy transfer. These are
U shown in Fig. 12 for different activator con-

centrations. The curves are fit by the pre-
dictions of Eq. (7) assuming electric dipole-

10 , > ., dipole interaction. The values of the critical
interaction distances found from this proce-
dure are listed in Table I. The transfer effi-
ciency, transfer rate, and critical interac-
tion distance for Eu 2 .- Ho3  energy
transfer are smaller than the parameters
found for Eu2 -Er + energy transfer. This
is due to the difference in spectral overlap

i c. , s a, for the two systems.
(T .) ,

Fio. 12. Change in the Eu2' decay patterns as a
function of Ho'- concentration at room temperature in Acknowledgments
BaYF,: Euz .Ho'- crystals containing 0.01 mole%
Eu* and Ho'* concentrations of (1) 0.0 mole%; (2) 1.0 This research was supported by the U.S. Army Re-
mole%: (3) 3.0 mole%. (4) 5.0 mole%; and (5) 10.0 search Office. One of the authors (LX.) thanks Dr. E.
mole%. (See text for explanation of theoretical lines.) Banks of the Polytechnic Institute of New York for
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I II. SPECTROSCOP IC PROPERT IES OF TRANSITION METAL LASER CRYSTALS

In this thrust area, the work includes investigations of the

properties of established laser materials and of new materials

with potential for laser applications. One important aspect of

the research involves the problems associated with nonrandom

active ion distributions in the host crystals. Some of the

common types of deviations from random distributions of active

ions are listed in Table I while Table II lists some of the

effects these nonrandom distributions have on the optical proper-

ties of the materials. An example of light scattering from

clustered defects in ruby crystals is shown in Fig. 1. Develop-

ing methods for minimizing these problems will greatly enhance

the development of new laser materials.

The first two manuscripts in this section describe the

optical properties of titanium doped sapphire. This is an impor-

tant tunable laser material in the near infrared spectral region.

The tuning range is limited by parasitic absorption on the low

M enr-gy side of the emission band. The results described here

provide some insight into the origin of this absorption and also

show the presence of some multiphoton absorption under h-.gh

pumping powers. The next three manuscripts describe the details

of the optical properties of ale.xandrite crystals. This is

currently the most important tunable solid state laser crystal in

A systems applications. Along with providing conventional spectro-

scopic information, the results obtained by FWM indicate the

presence of long range energy migration among the Cr3+~ ions and

give the pump band to metastable state relaxation rate. All of

these results provide a better understanding of the pumping



dynamics of alexandrite which will be helpful in developing new

vibronic laser materials.

The next four manuscripts survey the optical properties of

novel materials with potential laser applications. The only one

of these in which gain was observed was Ti4 + in lithium germanium

oxide. This result was important because the material provided

tunable emission in the blue-green spectral region and was the

first observation of gain from a closed shell ion. However, the

gain was found to be dependent on the pump pulse width and was

only significant if the power was extracted very rapidly. This

was attributed to quenching through intersystem crossing to a

triplet state. Another important result of the work described

here involved fiber crystal growth of Mn 2SiO 4. Bulk crystals of

this material exhibited strong thermal quenching of the fluores-

cence and pulling fiber crystals from the same material improved

the qUenching properties by more than an order of magnitude.

e4



TAME I- TYPES OF DEVIATIONS FROM RANDOM DISTRIBUTIONS

OF ACTIVE IONS

conicontrati on gradieant% banding

dislocation decoration aggregates

defect pairing special site occupancy

TAMLE It. EFFECTS OF MNRANDOM DISTRIBUT IONS
OF ACTIVE IONS

diffraction light scattering

radaatiailess quenching energy transfer

lose . lasing centers parasitic absorption

Fig. 1. Lamor light scattering free defects in a ruby laser
crystal.
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Growth, characterization, and optical spectroscopy of AI2O3:TI3
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02172
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(Received 15 April 1985; accepted for publication 29 May 1985)

The process of growing large diameter single crystals of Al20:Ti- + by vertical solidification of
the melt is described, and some of the problems in producing high-optical quality material are
discussed. The characterization of the distribution and valance state of titanium ions was
performed by x-ray techniques and laser Raman microprobe methods. The presence of other
impurity ions, specifically iron, was also determined. In some cases titanium was found in the
grown crystal to be in the rutile form. In addition, Ti-Fe pairs, and concentrated regions of
titanium on the surface of the boule were also observed. Some procedures for minimizing these
problems are discussed. The results of optical absorption, fluorescence, and lifetime
measurements are reported. The addition of Fe is shown to produce a broad absorption band in
the red region of the spectrum, and two-photon laser excitation terminating in the ultraviolet
spectral region produces a broad blue emission band.

I. INTRODUCTION However, some factors limit the Czochralski technique in

There is a significant interest in the application of production of large diameter single crystals which have both

Al20 3:Ti3 
+ crystals as tunable laser materials. 1.2 The broad, high melting points and high-specific gravities. Viechnicki

intense fluorescence emission band provides a wider tuning and Schmid' overcame some of these problems by develop-

range and higher gain cross section than other transition ing a heat exchanger technique based on the original work of

metal ion tunable lasers. To develop this material to the Strober.' This proved successful in growing large diameter

point where it can be used in commercial laser systems re- single crystals only for single component, undoped systems.

quires the ability to produce large size, high-optical quality, Recently, Caslavsky7 overcame these problems by designing

high-purity single crystals. Moderately high concentrations a crystal growth method using a sophisticated heating ele-

of Ti3 + uniformly distributed throughout the entire crystal ment which allows control of the heat flow during the pro-

are also required. In addition, the dynamics of optical pump- cess of solidification. This method is called vertical solidifi-

ing and decay processes must be investigated to determine cation of the melt (VSOM). The VSOM technique

optimum system configurations. So far, most of the charac- originated, and an apparatus was built for VSOM crystal

terization of laser properties of A120 3:Ti+ has been per- growth, at the Army Materials and Mechanics Research

formed with laser pumping, although some techniques for Center in Watertown, Massachusetts.

fast flashlamp pumping have been developed.' Some of the When the propagation of the solid-liquid interface dur-

limitations encountered in trying to optimize laser param- ing crystal growth is achieved, by either pulling the crystal or

eters include scattering centers and parasitic absorption moving the furnace, vibrations and thermal fluctuations are

bands in the laser spectral region. Little work has been done present during the process of growth and this can produce

in investigating upper excited states of the system which may stress in the cooling crystal. Such stress not only lowers the
be detrimental to the system through excited state absorp- optical quality of the crystals but generally results in micro-

tion of pump or fluorescence light, or may be useful for alter- cracks, which are detrimental to the production of laser
nate pumping mechanisms. quality single crystals. To avoid this problem, large diameter

We report here a description of a crystal growth tech- single crystals have to be grown in a vibration-free environ-nique capable of producing laser quality crystals of ment, with a planar interface. In addition, if the crystal hasA 20 3:Tiqu , and describe the results of characterizing dop- both a high melting point and a high-specific gravity, it is

ing and impurity ion distributions using several different necessary to support the crystal over its entire diameter dur-
techniques. In addition, some spectroscopic properties of the ing the entire period of growth. This can be achieved by
system are reported including emission occuring after two- confining the melt in a suitable container, rather than con-
photon excitation into the ultraviolet spectral region, trolling the crystal diameter by balancing the heat flow dur-ing growth.

11. CRYSTAL GROWTH Although all of the problems discussed above cannot be
eliminated entirely, their effects can be significantly mini-

The Czoehralski' method of crystal growth has been " mized by use of the VSOM method. This technique elimi-
successful in producing different types of single crystals. nates the problem of vibrations by moving the thermal field .
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FIG. i. Schematic diagram of crystal growth furnace for VSOM. (1) Two-color pyrometer; (2) single-color pyrometer, (3) signal conditioners; (4) differenti-
ation of signals; (5) temperature readout from two-color pyrometer;, (6) temperature readout from single-color pyrometer; (7) two pen recorder for recording
ODTA curve and temperature of blackbody; (8) controlling microprocessor (91 l0-cm-diam container in which crystal is grown; (10) heating element.

through the system, instead of moving the crucible or the
furnace. A schematic diagram of the VSOM crystal growth
apparatus is shown in Fig. 1, and the cross section of the heat
sink depicted in Fig. 2. The material to be synthesized into a Solid Liquid Interface

large single crystal is loaded into a cylindrical container with
the diameter of the required crystal size. A seed crystal is
placed in the center of the bottom of the crucible. Since the
entire content of the crucible other than the seed crystal has
to be melted, the crucible is rested on a cold finger, which is
situated just below the seed crystal to protect it from melting. Molytdenum
During the period of shaping the solid-liquid interface, and
specifically during the entire period of crystal growth, this h Copper

cold finger takes on the function of a heat sink, thus havingcrucial importance in controlling the crystal growth. In or- Cooling Water Level_ - igCooling Water

der to obtain the driving force for crystal growth, the ther- cavit Wy l"r

mal field is propagated throughout the system in the desired
fashion and rate. To achieve this, precise readings of two 21MOC
optical automatic pyrometers are essential. (Positions of C Approximation ofd the real thermal gradientI

these pyrometes are illustrated in Fig. 1.) The system oper- generally found in the ystem re
ates as follows: pyrometer no. I senses the temperature of the 194°c 00Cer0ally rnien the system

blackbody and thus controls the temperature of the whole Temerature profile over the lenIth
system. Pyrometer no. 2 observes the temperature of the Bottom of the - 0,0 c -t the hut Sink

content of the crucible. In order to start the growth, the 1,0C Tlement

temperature of the blackbody has to be slightly lowered first. h
Since the heat capacity of the crucible generally is higher FIG. 2. Cross section of the crucible and heat sink. and diagram of the ther-

than the heat capacity of the blackbody, a temperature dif- mat gradient in the system.
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ference A Tbetween the blackbody and the melt occurs. This RLo > KA (dT/dx,), (5)
temperature difference creates an appropriate signal, which then a dendritic growth is observed. If the heat sink removes
is fed to the microprocessor whose program is designed in an excessive amount of heat so that
such a way that on the occurrence of such a difference itstarts to decrease the blackbody temperature as a function of R. <KAh (dT/dxh), (6)
A T. During solidification of large diameter crystals a signifi- the shape of the growth interface becomes convex. Adjusting
cant amount of latent heat is developed on the solid-liquid for the proper heat flow capacity of the heat sink must be
interface. In turn, this heat influences the melt temperature. done through trial and error. Fine tuning of the 0 value is
Occurrence of such a temperature increase is registered by achieved by adjusting the flow of cooling water through the
pyrometer no. 2 which immediately corrects the signal of heat sink.
pyrometer no. 1, and as a consequence the melt temperature For the crystals used for this study, a molybdenum cru-
is not affected by the latent heat developed at the interface. cible in a resistively heated graphite furnace was used and
This type of a temperature control enables programming of the crystals grown under a vacuum of approximately
the thermal field propagation with an accuracy of ± 1 'C in 5 X 10 -' Torr. The graphite elements were made in a bird
the temperature range between 1600 and 2100 °C, and the cage design with the power feeds brought to the lower ele-
rate of the temperature decrease between 0.1 and 2.0 °C/h. ment ring. With this design, an upward gradient of 1.0i/mm
This is a very accurate control of the driving force for the over the 120-mm element height was achieved. Using this
crystal growth. technique, single crystals of Al203 :Ti34 were grown up to

In order to keep the linear upward thermal gradient 250 mm in diameter, free of cracks, with minimum phase
over the required vertical distance and to maintain the iso- segregation and dislocation structure similar to that found in
therms mutually parallel, as well as parallel to the bottom of undoped sapphire crystals grown by VSOM.' 9

the crucible, the latent heat of solidification has to be re-
moved from the system, down through the already solidified IL OPTICAL SPECTROSCOPY
material and into the heat sink. Therefore, in order to grow The optical absorption and emission spectra and the flu-
any single crystal by the VSOM method, in a controlled orescence lifetimes were measured for samples of
manner and on a flat interface, the net heat flow through the AI20 3 :Ti3 + cut from boules grown by the VSOM technique.
heat sink has to be equal at all times to the heat flux through Typical results are discussed below for a sample of high-
the already solidified material. Such a heat flux is a sum of optical quality and a Ti3 concentration determined to be
the latent heat of solidification and the heat absorbed due to 0.054 wt. %.
the radiation from the element through the container wall. The absorption spectrum of A120 3:Ti3 + is shown in Fig.
In the first approximation, the heat transferred through the 3. The major features of this spectrum include a broad band
system can be described as with a peak near 580 nm, a shoulder to longer wavelengths,

KhA,(dT/dx,) - K1AI(dT/dx) = ALp(dx/dt), (1) and a long tail extending past 900 nm. The absorption edge

where K is the thermal conductivity, A is the cross-section appears near 280 nm and has a distinct shoulder near 240

area of the charge, T is temperature, x is a coordinate mea- nm. The fluorescence emission produced by pumping in the

sured along the vertical axis of the system, p is the density, 580-n absorption band is shown in Fig. 4. It appears as a

and L is the latent heat of the crystallizing material. The broadband peaking near 750 nm and extending past 1000

subscripts s, 1, and h, relate to the solid and liquid phases, and rm. The fluorescence lifetime of this band was found to be

to the heat sink, respectively. Since the cross sections for the 4.0 js and independent of temperature between 10 and 300

solid and liquid and that of the interface are all approximate- K.

ly equal, Eq. (1) becomes

KG, - K1G, = RLp, (2) 12,

where G is the temperature gradient and R the growth rate.
In this case, the growth rate is the movement of the 0A

interface, and the rate of growth of the crystal is governed by de

the rate at which the latent heat is extracted from the system 8 ,IO

by the heat sink. The heat flow 0 through the heat sink can be "
expressed as 4 6-

S= KhA(dT/dxh), (3)
4-

and in the first approximation as

RLp =KA,,(dT/ldx,). (4) 2

Because of complicated boundary conditions and the O" "H

practical impossibility of determining the exact position of 300 Soo 70'0900

the interface, Eq. (4) cannot be solved numerically. There- AInml
fore, 4 has to be determined experimentally from the grown
crystal. If the heat sink removes an insufficient amount of FIG. 3. Room temperature absorption spectra of A1.0, IA) co-doped with

heat so that- Ti'- and Fe' and (B) doped with TV+. The intensity scale is relative.
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FIG. 4. Room temperature fluorescence spectra of AI:03 :Ti' . Solid line
shows results obtained after low-power excitation with a nitrogen laser FIG. 5. Raman microprobe spectra of AI,0 3 and the perfect region of
pumped dye laser at 590 nm. Broken line shows results obtained after high- A1 2O:Ti

3  with vibrationaJ modes designated by their irreducible repre-

power Nd-YAG laser excitation at 532 nm. sentations.

Ti3 in one-photon processes and part is absorbed by two-
The major absorption and emission bands at 580 and photon processes in the charge transfer band at 266 nm. The

750 mm, respectively, are due to transitions between the 2T2 fluorescence occurring after this type of excitation is shown

ground state and the 2Eexcited state ofa singled electron ion as a broken line in Fig. 4. It consists of the normal TiO+
occupying an aluminum site in the corundum lattice, "- 3  emission band peaking near 780 nm but with an additional

The large Stokes shift, indicates a strong coupling to the tail extending to higher energies, and a new fluorescence

lattice in the excited state. The broad widths of these bands emission band peaking near 420 nm. This band is also seen
are due to the modulation of the crystal field splitting after direct UV excitation. ° The fluroescence lifetime mina-

between the 2E and 2 T2 levels by the lattice vibration of the sured after this type of excitation is still 4.0/As for the 740-nm

ligands around the Ti" ions. This strong vibronic coupling emission band, but a rise time for the fluorescence of the
produces a Jahn-Teller splitting in the excited state, which is order of 20 ns is observed implying the presence of an addi-

responsible for the double peak seen in the absorption band, tional pumping mechanism for this fluorescence. The life-

Spin-orbit interaction and the trigonal crystal field distor- time measured in the new high-energy tail of this band is 7.4
lion cause an additional splitting of the ground state, which /ss, while the lifetime of the 420-nm band is 2.3 ps. The origin

can be seen in the far infrared 13.14 and electron paramagnetic of these new emission bands is not known at the present time.

resonance spectrum. 15
The other features of the optical spectra cannot be asso- IV. CHARACTERIZATION OF CRYSTAL DEFECTS

ciated with transitions involving isolated Ti" ions. The long In order to better understand the distribution and va-
absorption tail in the 800-nm spectral region becomes more lence states of titanium ions and the effects of other chemical
prominent for samples containing higher concentrations of and structural defects in the samples, electron microscopy

titanium ' 6 and reabsorbs the fluorescence in this area. One and Raman microprobe spectroscopy techniques were used.
well known type of defect transition producing an absorp- The scanning electron microscope used for this work was a
tion band in this region is the charge transfer transition Joel 355 with a Tracor Northern 2000 energy dispersive x-

between coupled iron-titanium ion pairs, Fe3+Ti3 + - ray analyzer (EDAX) attachment for quantitative elemental
Fe Ti4 .This is the origin of the color in "blue sapphire analysis in selected microscopic regions of the sample. The
and the absorption spectrum of a crystal purposely co-doped Raman microprobe equipment included a Spectra Physics
with Fe3" and Ti3 is shown in Fig. 3. The presence of iron argon laser, and an Instruments S.A. Ramanor U-1000
in AI20 3:Ti3  crystals is discussed in Sec. IV. equipped with computer-controlled data acquisition. This

The fact that the absorption band edge of doped sap- instrument allowed the direct acquisition of Raman spectra
phire crystals is moved to lower energies from that of the of specific areas of the sample as small as 1 m in diameter.
undoped crystal has been attributed to the presence of ii- Four kinds of regions having different types of defect proper-
gand-metal ion charge transfer bands in the near UV spec- ties were identified. These included the "perfect" regions of
tral region. " Ti3 - is known to have a chat ge transfer band in the sample, inclusions, precipitates, and discolored regions
the region of the 228-nm band edge shoulder shown in Fig. on the surface of the sample.
3.1 * In the "perfect" regions of the sample, no chemical im-

In order to determine the effects of pumping in the purities were detected by SEM/EDAX analysis. The micro-
charge transfer absorption bands, the sample was excited by Raman spectrum in these regions is the same as that for
a 30-ps pulse from a frequency doubled Nd-YAG laser. The undoped A1203 as shown in Fig. 5. In addition, a strong
experimental setup for this work has been described pre- background fluorescence is observed in the spectral region %
viously. Part of the 532-nm light is directly absorbed by the consistent with Ti" emission as described in Sec. Il1. This
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grade the laser properties of the material by decreasing the
number of optically active Ti3  ions, by introducing an ab-

TI2 sorption band which absorbs potential laser active fluores-
cence, and by producing defect centers which scatter laser

0light. Using the methods discussed in Sec. II, to carefully
C adjust the crystal growth parameters in the VSOM tech-

.0 nique, it has been possible to produce crystals which are free
of scattering centers and free of the infrared absorption
band. Rejection of titanium remains a problem when grow-

Af., _ ing crystals with moderate concentrations of Ti" .

The origin of the additional fluorescence emission bands
observed after two-photon excitation has not been identified.:do ~ o so oo asoTheir position is not the same as the bands observed from

AV(cm- 1 )  
radiation-induced color centers in A12 0 3

2 1
-

2 3 or those ob-
FIG. 6. Raman microprobe spectra of TiO 2 and a region with an inclusion Served for other chemical impurities in sapphire. ' It may be
in AIO:Ti

3
. associated with a Ti-ligand charge transfer transition. The _.

position of this band is consistent with transitions of Ti4

ions after excitation in the same spectral region in other host
remains essentially constant in intensity as the microprobe is crystals.24 It is difficult to understand the presence of Ti" in
scanned throughout this type of region. A1203 crystals except as TiO2 precipitates, as discussed

The inclusions appeared under the SEM as voids with A13cytl xeta '2peiiaea icse
damethrsoafe w s ons .p eare dre Sa sy visith above. However, recent work on the phase diagrams for this

diameters of a few microns. These are randomly distributed crystal system indicates that there may be a limited range of
in the crystal. The precipitates are randomly distributed dis- solubility of the mixed valence compound Ti40 7 in A12 0 3.

2 5

turbed regions of the crystal having dimensions of the order If this proves to be true, the UV transitions of this filled shell
of tens of microns. In many cases, an inclusion and precipi- ion might explain some of the optical features reported here.
tate are located in the same region of the crystal. The SEM/ Also, it is known that iron impurities in sapphire give rise to
EDAX analysis of the voids did not indicate the presence of many different optical bands depending on their local inter-
any chemical impurities. However, the precipitates were action with other ions.26 This needs to be investigated
found to contain chemical impurities such as Ce, K, CI, Fe, further to help identify some of the weaker bands observed in
La, and Nd. Each precipitate had different compositions of the optical spectra of A120 3:Ti .

these impurities in the level of several hundred parts per The position of the absorption band reached with the
million. Raman microprobe analysis of the precipitates pro- two-photon excitation used here is too far into the UV to be
duced very noisy spectra with no additional peaks to those of effective in excited state absorption of laser emission. How-
the normal host spectrum shown in Fig. 5. The background
Ti" fluorescence varied greatly in intensity as the micro- ever, the demonstration of the existence of high-energy ab-

sorption and emission bands in this system shows that usingprobe was scanned throughout the precipitate region. When single d electron ions does not eliminate the possibility of
the microprobe was focused onto the surface of a void, the excited state absorption in laser materials. It also shows that
Raman spectrum shown in Fig. 6 was observed. This is multiphoton absorption can be an important loss mecha-
shown in comparison to the Raman spectrum of a crystal of nism for laser-pumped AI203:Ti3 + lasers.
Ti02. The peak positions in the two spectra are well correlat-
ed. The differences in relative intensities are due to the fact ACKNOWLEDGMENTS
that the TiO 2 spectrum is from an oriented single crystal,
while the inclusion spectrum is from unoriented crystallites. The OSU part of this work was sponsored by the U.S.
In addition, the background fluorescence from Ti + goes to Army Research Office. The authors gratefully acknowledge ,
zero in the region of the inclusion, the benefit of useful discussions with Dr. Milan Kokta, Dr.

Finally, regions on the surface of the samples having a Leon Esterowitz, and Dr. Philip Kline and the help of G. J.
yellowish-brown color were investigated. Both EDAX and Quarles and L. Xi in acquiring the optical spectroscopy re-
Raman microprobe analysis showed these to be regions with suits.
a high concentration of titanium, but the chemical composi-
tion could not be identified.

'P. F. Moulton, Opt. News 8. 9 (1982); Laser Focus 19, 83 (1983).
'P. F. Moulton, in Tunable Solid State Lasers, edited by P. Hammerling, A.

V. SUMMARY AND CONCLUSIONS B. Budgor, and A. Pinto (Springer, New York, 19851. p. 4.

An ideal AIO0:Ti - laser crystal requires a uniform 'L. Esterowitz. R. Allen, and C. P. Khattak, in Tunable Solid State Lasers,
edited by P. Hammerling, A. B. Budgor, and A. Pinto (Springer. New

distribution of titanium in its trivalent state. In addition, it York. 1985), p. 73.

must be free of any chemical impurities and different phases. 'J. Czochrlaski. Z. Phys. Chem. 8. 219 (19181.

The results described above indicate that it is possible for 'D. Viechnickr and F Schm, J. Cryst. Growth 26. 16211974).
titanium in sapphire to form inclusions of rutile, to form 'F Strober. Z. Kristallog., Kristallgeom., Kristallphys., Kristallchem. 61.

299 (1925).
charge transfer pairs with iron, and to be rejected from the 'I. L. Caalavsky, 'he Growth of Large Diameter Single Crystals by Verti-
host to concentrated areas on the surface. These effects de- cal Solidification of the Melt," Army Report AMMRC TR 84-34 (19841;

2335 J. Appl. Phys., Vol. 58, No. 6, 15 September 1985 Powell et al. 2335

%.



Pr. Pfth International Summer School on Crystal Growth and Material '6G. F. Albrecht, J. M. Eggleston, and J. . Ewing, in Tunable Solid State
Research, edited by E. Kaldis (North-Holland, Amsterdam, 1984), Chap. Lasers, edited by P. Hammerling, A. B. Budgor, and A. Pinto (Spnnger,
10. New York, 1985), p. 68; Opt, Commun. 52,401 (19851.

'J. L Caslavsky, C. P. Gazzara, and RK M. Middleton, Philos. Mag. 25, 35 "K. Nassau, Am. Mineral. .63, 219 (1978).
(1972). "H. H. Tippins, Phys. Rev. B 1, 126 (1970).

'J. L Calavsky awd C. P. Gma. Philos. Mag. 26,961 (1972). "G. E. Venikoua, G. J. Quarles, 1. P. King, and R. C. Powell, Phy. Rev B
'*D. S. McClure, J. Chem. Phys. 36,2757 (1962). 30, 2401 (1984).
" B. F. Gachter and J. A. Koninptein, J. Chem. Phys. 60, 2003 (1974). 

2
'L. Esterowitz (unpublished).

'"E. D. Nelson, J. Y. Wong, and A. L. Schawlow, in Optical Properties of 2 K. H. Lee and J. H. Crawford, Jr., Phys. Rev. B 15, 4065 (1977).
Ions in Crystals, edited by H. M. Crosawhite and H. W. Moos (Wiley- 22B. D. Evans and M. Stapelbroek, Phys. Rev. B 16. 7089 1978) .
Interscience, New York, 1967), p. 375. 23j. D. Brewer, B. T. Jeffries, and G. P. Summers, Phys. Rev. B 22, 4900

13R. M. Macfarlane, J. Y. Wong. and M. D. Sturge, Phys. Rev. 166, 250 (1980).
(1968). 

2
R. C. Powell (unpublished).

"R. R. Joyce and P. L. Richards. Phys. Rev. 179, 375 (1969). 2'J. L. Caslavsky, G. Bryant, and R. Allen (unpublished).
"'L S. Kornienko and A. M. Prokhorov, JETP Lett. 38, 1189 (1960). "'J. Ferguson and P. E. Fielding, Chem. Phys. Lett. 10, 262 ( 1971).

2336 J. Appl. Phys., Vol. 58. No. 6,1t5 September 1985 Powell oftal 2336-,



77 1- - a S~v S - 5A...

,%

III.1 (B)

Thermal effects on the optical spectra of A1203 :T13
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Department of Physics. Oklahoma State University, Stillwater, Oklahoma 74078

Milan R. Kokta
Union Carbide Corporation, WashougaL Washington 98671

(Received 9 September 1985; accepted 9 October 1985)

The results of an investigation of thermal effects on the fluorescence spectra of Ti3 in sapphire

are presented. As-grown samples synthesized by the Czochralski method were found to exhibit a

fluorescence band characteristic of Ti"'. After thermal annealing this band was greatly reduced

and the Ti + fluorescence was seen. The fluorescence lifetime was found to be constant between

10 and 300 K and then to decrease significantly as temperature was raised to 500 K. This decrease

is shown to be associated with thermal activation to the higher Jahn-Teller component of the

excited state. The temperature dependences of the intensities, widths and lifetimes of the two zero-

phonon lines were monitored between 10 and 80 K. The lifetimes remained constant as the widths

broadened and intensities decreased with temperature.The intensity change is associated with the

increased rate of vibronic ewission while the line broadening is attributed to the phonon processes

coupling spin-orbit components of the ground state and to Raman scattering of phonons.

I. INTRODUCTION quadrupled Nd-YAG laser were used. A 0.25-m monochro-

System requirements for tunable solid state lasers have mator with either an EGG-PAR silicon diode array detec-

generated an interest in materials exhibiting broad, vibronic tor in conjunction with an optical multichannel analyzer or a
emission bands. AIO 3:Ti3 - has been shown to be a promis- RCA C31034 photomultiplier tube in conjunction with an

ing laser material for this type of application. - Although EGG-PAR boxcar integrator were used to record spectra or %

the basic optical spectroscopy properties for Ti3 in A12 0 3  fluorescence lifetimes, respectively.
crystals have been reported previously," - o many of the de-
tails of the spectra have not been characterized. We report II. EFFECTS OF THERMAL ANNEALING

here results of an investigation of the temperature depen- The fluorescence spectra at 300 K after 266 nm excita-

dences of the widths and intensities of the zero-phonon lines tion is shown in Fig. 1 for an as-grown sample and a sample

and of the lifetime of the fluorescence emission. The results annealed for 24 h at 1800 'C. The spectrum of the as-grown

are interpreted in terms of the various electron-phonon pro- sample is a broad band peaking near 420 nm with a fluores-

cesses occurring in the material. In addition, changes in the cence lifetime of 23 ps and a rise time of about 8 yi. The

fluorescence spectra due to thermal annealing are presented spectrum of the sample after annealing is dominated by a

and discussed in terms of valence state changes of the Ti ion. broad band peaking near 720 nm with a lifetime of 3/ps. It

The samples used in this work were grown by the has a 20/us rise time for UV excitation and a negligible rise %

Czochralski technique and contained a titanium concentra- time for excitation in the 500 nm region. %.

tion of about 0.07 wt. %. These were mounted either in a The fluorescence properties of the annealed sample are

cryogenic refrigerator for measurements down to 10 K or in characteristic of Ti while those of the as-grown sample 5"

a sample holder with a cartridge heater for measurements up
to 500 K. The low temperature properties of the zero- g

phonon lines were studied using the 10 ns, 0.02 nm wide 8

excitation pulses from a nitrogen laser-pumped tunable dye
laser with Rhodamine-6G dye. A 1 m monochromator, *
RCA C31034, and EGG-PAR boxcar integrator were used
to analyze the fluorescence. The high temperature lifetime

quenching measurements were made using the train of 17 ps 4 . ,

pulses from a Spectra Physics synchronously mode locked, : ,

cavity dumped, argon laser-dye laser combination with Rho- -

damine-6G dye for excitation. A 0.25-m monochromator, 2

Hamamatsu PM435 photomultiplier tube, and single pho-

ton coincident counting techniques were used for data analy-
sis. For UV excitation studies the 266 nm, 30 ps pulses of a o0 oo oo

'Present address: Union Carbide Corp., 750 S. 32 St., WashougeL" WA
99671 FIG. 1. Fluorescence spectra of AI,O,:Ti at 300 K with 266 nm excitation

Present address: Physics Dept., Center for Applied Quantum Electronics, Solid line for as-grown crystal and broken line for thermally annealed crys-

North Texas State University. Denton, TX 76203. tal.

662 J. Chem. Pra. 64 (2), 15 January 1986 0021-9606/86/020662-04502. 10 (D 1986 American Institute of Physics
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can be attributed to Ti" + . Thus it appears that during the into two sets of Kramers' degenerate pairs, the lower state
normal Czochralski crystal growth process for Ti-doped designated as E3/2 and the upper as E,1,. The 'A, level be-
sapphire, a significant amount of the titanium is incorporat- comes an E,/2 Kramers' doublet with spin-orbit interaction.
ed in the lattice in the four-valent state and that the thermal The excited state splitting is dominated by Jahn-Teller dis-
annealing process tends to convert the doping ions to the tortion instead of spin-orbit interaction. The observed flu-
trivalent state. The Ti3  ions substitute for the A.1" ions in orescence band is due to vibronic emission between the low-
A12 0 3 but it is not clear where the Ti"' are situated in the est Jahn-Teller component and the split components of the
lattice or the mechanism of charge compensation. ground state manifold. As temperature is raised, thermal

activation to the upper Jahn-Teller component of the excit-
III. TEMPERATURE DEPENDENCE OF THE ed state will become possible. If this is the process responsi-
FLUORESCENCE UFETIME ble for the observed shortening of the fluorescence lifetime,

Figure 2 shows the results of measurements of the flu- the activation energy for the transition is 4000 cm- '. Be-
orescence lifetime between 10 and 500 K. The observed time cause of the Stokes shift occurring after excitation, it is diffi-
evolution of the fluorescence had a negligible rise and a sin- cult to determine exactly the energy from the bottom of the
gle exponential decay over four decades at all temperatures. potential well for the lower Jahn-Teller component to the
In addition, the lifetime was found tobe the same at all wave- crossover point to the upper component. The absorption
lengths of fluorescence emission throughout the broad band spectrum of A120 3:Ti3  consists of a broad band with two
and the zero-phonon lines observed at low temperatures. peaks near 488 and 556 nm.'o These are due to transitions

The solid line in Fig. 2 represents the best fit to the data from the ground state to the two components of the excited
using an equation of the form state and these peak positions have been used to estimate an

*= ±-I , (1) activation energy of 3000 cm- ' from the bottom of the lower
exp(E/kT)-- 1] - , (1) potential well to the crossover point." Considering the rough

where -, represents the radiative decay rate of the level and estimates involved in this method of determining AE, the
second term describes radiationless quenching due to thermal quenching of the lifetime appears to be consistent
phonon absorption to a higher level. P6 is the rate cons- 'nt for with this type of phonon absorption process.
the radiationless transition and A.E is the potential barrier
for the process. The parameters used to obtain the fit shown IV. TEMPERATURE EFFECTS ON THE ZERO-PHONON
in the figure are a radiative lifetime of 3 ps, a radiationless UNES
quenching rate constant of 2.62 X 106/us -, and a potential The fluorescence emission at 10 K after pulsed dye laser
barricr of 4000 cm- . excitation at 550 nm is shown in Fig. 3. The two sharp lines

The optical activity of Ti3 - is associated with its single are labeled RI and R 2. These have the same 3/us lifetime as
3d electron. This gives a free ion 2D term which splits in an measured for the broad emission band and are attributed to
octahedral crystal field into a 2 T2, ground state and a 2E, the zero-phonon transitions from the lower Jahn-Teller
excited state. In A120 3 there is a trigonal distortion of the component of the excited state to the two spin-orbit split
crystal field at the Al" site which does not split the 2E level components of the ground state. The energy difference of
but does split the 2T2 level into a lower 2E and an upper 2A, these two lines is about 38 cm -' which is consistent with the
level. Spin-orbit interaction further splits the ground state ground state splitting as measured by infrared absorption."

As temperature is raised, the widths of the zero-phonon
._ _ _ _ _,_,_lines increase while their intensities decrease and their life-

times remain constant. The R lines can not be observed
3- above about 80 K because of the dominant vibronic emis-

Ft, x4,

~Sft2

630 64 '

00,
1020 30 400 500

.T(K). 0
?A(fm)

FIG. 2. Temperature dependence of the fluorescence lifetime of AlO,:Ti
with 550 nm excitaiton. See the text for explanation of the theoretical line. FIG. 3. Fluorescence spectrum of AIO:Ti at 10 K with 550 nm excitation.
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data for the values of the parameters listed in Table I. The creased due to enhanced vibronic emission processes. The
activation energy is found to be the same as the splitting of homogeneous widths of these lines increase with tempera-
the ground state manifold. This indicates that the dominant ture due to direct phonon processes coupling the two compo-
broadening mechanism for the R lines in this temperature nents of the ground state and to Raman scattering of phon-
region is associated with stimulated phonon emission or ab- ons which can broaden both the excited level and ground
sorption processes between the E|/2 and E3/2 levels. The con- state levels of the transition. A complete understanding of
tribution to the width of R2 due to the spontaneous emission the electron-phonon interaction processes is important in
processes of this type has been included in ADO as described the development of this material as a vibronic laser.
above. There is no contribution to the linewidth due to
phonon processes in the excited state due to the large activa- ACKNOWLEDGMENT
tion energy to the next higher electronic level as evidenced The OSU part of this work was sponsored by the U. S.
by the lifetime results. Army Research Office.
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Spectroscopic properties of alexandrite crystals
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Details of the optical-spectroscopic properties of aleandrite (BeA12O,:Cr3 ) crystals were studied
by different laser-spectroscopy techniques. The temperature dependences of the fluorescence life-
times and widths of the zero-phonon lines were found to be quite different for Cr3+ ions in the mir-
ror and inversion crystal-field sites. The results indicate that direct phonon-absorption processes
dominate both thermal line broadening and lifetime quenching for ions in the mirror sites while
phonon-scattering processes dominate the line broadening of inversion-site ions and leave their life-
time independent of temperature. Tunable-dye-laser site-selection methods were used to obtain the
excitation spectra of the Cr3+ ions in inversion sites at low temperature and to identify six types of
exchange-coupled pairs of Cr' + ions in the lattice. Time-resolved site-selection spectroscopy was
used to monitor the energy transfer between Cr 3' ions in mirror and inversion sites at both low and
high temperature. Finally, high-power, picosecond pulse excitation was used to produce two-photon
absorption, and the resulting emission spectrum was found to exhibit a new fluorescence band in the
400-nm spectral region.

I. INTRODUCTION sites and the rest going into the inversion sites?7t

The energy-level diagram for Cr 3+ ions in the mirror
sites is shown in Fig. 2. The six oxygen ligands produce a

Alexandrite (BeAJ20 4 :Cr3 + ) has become technologically crystal field which can be described as having Oh point-
important as a tunable solid-state laser material. I-5 How-
ever, the properties of the optical spectra of alexandrite M M
crystals have not been studied in great detail as they have
for other important laser materials such as ruby
(A]20 3:Cr 3 +). The characteristics of the optical spectra
provide important information for understanding the fun-
damental interactions between the optically active ions
and the host lattice, and the interactions between two op-
tically active ions. These interactions affect the optical
pumping and decay dynamics relevant to the laser opera-
tion of the material. We report here the results of a series
of different types of laser-spectroscopy measurements on
alexandrite which provide new information concerning 6
the crystal-field energy levels, ion-ion interaction, and
electron-phonon interaction properties of this material.

The sample used for this investigation was an oriented,
single-crystal cube of alexandrite with each edge measur- a
Lg about 5 mm in length, containing 0.0897 at. % Cr 3+

ions. The host crystal has the chrysoberyl, hexagonal- _ i

close-packed structure shown in Fig. 1.6 The space group 0

is orthorhombic Prima with four molecules per unit cell
and lattice, parameters a =9.404 A, b=5.476 A, and 0 Be
c =4.427 A. The A13

, ions are octahedrally coordinated * Al
by the oxygen ions and occur in two inequivalent crystal-
field sites in this lattice. The A13+ sites lying in the
mirror-symmetry planes of the lattice have the site syin-

metry of the C, point group, while the other A13
, sites

possess inversion symmetry and belong to the C point
grou- The Cr3  ions enter the crystal substitutionally, FIG. 1. c-axis view of chrysoberyl structure (from Ref. 6).
for the A13+ ions, "78% replacing Al ions in the mirror M denotes mirror planes.

32 2738 @1985 The American Physical Society
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group symmetry slightly distorted to C,. The 0 A crystal U. ABSORPTION, FLUORESCENCE,
field splits the free-ion wave functions of the 3d 3-electron AND EXCITATION SPECTRA
configuration of the Cr3 ion into crystal-field Wave func-
tions having t 3. or t2e-electron configurations, and either Figure 3 shows the absorption spectra at room tempera-

quartet or doublet multiplicities depending on the spin ture. The absorption features consist of two broadbands

alignments of the electrons. The distortion to C, symme- centered at about 420 and 580 rn, three sets of sharp .

try causes a splitting of all of the orbitally degenerate T lines centered near 680, 650, and 470 nim, and the band

and E levels but not the orbital singlet A levels. Note that edge appearing below 300 rnm (not shown in the figure).
in performing the reduction from Oh to c symmetry it is The two bands are associated with transitions from theimportant to take the diagonal mirror plane of the cube s 4 A 2 ground state to the 4T2, and 4TI, excited states.the mirror element in the Cc group. Thes- tse transitions involve changes in the crystal-field orbi-heteraction of the electrons causes further splitting, leaving tals of the electrons and thus are highly sensitive to theteal ion l s de ecrystal-field environment of the ion. Vibrational modula-
all levels designated as S 1 ,S 3 Kramers degenerate dou- tion of the field strength produces the broadbands. The
blets. 400-nm band peaks at higher energy and the 580-nm band

Figure 2 also shows the electric-dipole-allowed absorp- peaks at lower energy for the El lb polarization compared
tion transitions. Since all transitions within states of the to the peak positions for the El Iac polarization direc-
3d3 -electronic configuration are parity forbidden, tions. This is consistent with the selection rules and the
crystal-field admixing with odd-parity configurations is level-splitting assignments for C, symmetry shown in Fig.
required for any electric dipole transitions to be observed. 2.
These group-theoretical considerations are useful in The three sets of sharp lines are associated with transi-
understanding the qualitative features of the optical spec- tions from the ground state to the split components of the
tra, such as the number of lines and their relative intensi- 2Es (R lines), 2 T, (S lines), and 2T2. (B lines) levels.
ties for different polarizations. A similar analysis of the These involve spin flips of the electron wave functions
ions in the inversion sites with Ci symmetry gives all A. without changes in crystal-field states. Thus they are in-
levels with no specific selection rules. sensitive to vibrational modulation of the crystal field and

therefore appear as sharp lines. The lines seen in Fig. 3
are associated with mirror-site ions. With the relatively
low resolution of the spectra shown in the figure, it is dif-
ficult to ascertain the changes in intensity with different
polarization for specific lines within a group. Results of

_______ A .. "this type for the R lines have been reported previously in
2W -Ref. 1 and are shown in the inset in Fig. 3. They show

*1 ".L....:.AJ-L .Athat the intensity of the transition to the lower component

of the split 2E, level (R,,.) is significantly greater than
-_ the intensity of the transition to the upper component

2 _ (R 2) for El lb polarization, and these relative intensities
- are reversed for the other two polarization directions.

AT. .." _ _.- These results are consistent with the polarization selection
<"L4L, l "" 7 j. rules shown for the R lines in Fig. 2.

___-.... "-The lines associated with the inversion-site ions are very

.2.5

1111b

Oh C La.

450 550 650

FIG. 2. Energy-level diagram for Cr' ions in mirror sites in i'm

alexandrite. Arrows show absorption transitions allowed by
orbital-symmetry selection rules. All transitiom between level* FIG. 3. Absorption spectra of alexandrite at room tempera-
of the same parity require crystal-field admixture of levels of ture. Inset shows R,., lines from Ref. 1. Solid line for E b;

opposite parity, and all transitions between levels of different dotted line for E:'c with sensitivity x4; dashed line for E ,a

spin multiplicity require spin-orbit interaction to occur. with sensitivity x40.

-A-k,
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weak and difficult to observe in the absorption spectra
and the broad absorption bands are hard to resolve from o-
those associated with mirror-site ions. Some of the prop-
erties of transitions of ions in inversion sites obtained
from other types of spectral measurements are discussed oA
below. Polarization changes have been used to identify
these as magnetic dipole transitions.' "

The fluorescence emission at room temperature is OA!
shown in Fig. 4 for three excitation wavelengths. The
major features of the spectra are the two sharp lines Ri.
and R 2 and the broad, structured band peaking at lower 0.2
energies. The latter is due the superposition of low-energy
vibronic emission transitions from the components of the -
2E. level and emission from the relaxed excited state of 0
the T 2. level which is Stokes-shifted to lower energy 3o 400 450 Soo
compared to the absorption transition involving this level. k (nm)
The structure in this sideband is a mixture of specific
one-phonon vibronic peaks, and zero-phonon lines associ-4-2 d T les.T - FIG. 5. Excitation spectrum of Ali line of alexandrite at
ated with transitions from the T2 and levels. Ten- ro tem tu.
tative assignments have been made for the S. lines,' but
the other peaks have not been identified since no complete
analysis of vibronic transitions has been done for Cr +  The excitation spectra of the R1 . and R lines are
ions in BeAI 20 4 crystals. For certain excitation wave- shown in Figs. 5 and 6. The spectrum for the mirror-site
lengths, the R1, and R2 lines associated with Cr3+ ions in emission at room temperature is essentially the same as
inversion sites can also be seen. the absorption spectrum shown in Fig. 3. The two excita-

The spectra shown in Fig. 4 represent the El b polari- tion bands for the inversion-site ions are seen in Fig. 5 to
zation direction. For the other two polarization directions peak near 480 and 380 nm. The expanded spectral region
the broad emission band is significantly smaller in intensi- shown in Fig. 6 at room temperature shows very different
ty relative to the R. lines.' This is consistent with the excitation characteristics for the ions in the two types of
absorption-band positions shown in Fig. 3 and with the sites. This indicates that energy transfer between ions in

crystal-field splittings and selection rules shown in Fig. 2 the two nonequivalent types of sites is very weak for the

for the transitions involving the 4Tz, level. The E lb po-

larization involves allowed vibronic emission from the
lowest crystal-field component of the split 4T2. level, ,
which will have the greatest degree of occupancy in \ 300K
thermal equilibrium. The other two polarization direc- 300K

tions have forbidden transitions from this component and ,
allowed transitions from the higher component, which has
a lower degree of occupancy. The observed fluorescence
ir~tentsity will depend both on the selection rules and the
degree of occupancy of the initial level of the transition.

'5 -. ,' 1OK

N b r0

4 m2

64 6Go0 2 760 x (nm)

*. . . .. .. .... . . FIG. 6.. Excitation spectra of the Al lines of alexandrite in

FIG. 4. Fluorescence spectra of alexandrite at room tempera- and 10 K. The solid line is for the AR, line and the dashed line
ture. is for the A1 , line.
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anwtuiwllbchromium concentration level in this sample. The spec- er, it is difficult to observe because it is both spin and
tral features shown for these conditions are similar to symmetry forbidden in OA, symmetry and thus will be a
those reported recently by Schepler.9 The .spectral. very weak, broadband on the tail of the absorption edge.
features in this region change substantially as temperature The absorption-edge shoulder at higher energies is prob-
is lowered to 10 K. A set of sharp lines appears which ably due to a charge-transfer transition. The structure ob-

can be associated with the B, lines and attributed to tran- served in the band cannot be explained by crystai-field or
sitions terminating on the split components of the 2T2 spin-orbit splitting and may be due to the effects of radia-
level of ions in mirror sites. Also, ions in both mirror and tive reabsorption by the IT,, band.
inversion sites exhibit a similar excitation band in this
spectral region. Since this is known from room- I. SPECTRAL EFFECTS OF ELECTRON-PHONON
temperature results to be the region of inversion-site ab- INTERACTIONS
sorption, the results indicate the presence of energy
transfer from ions in inversion sites to ions in mirror sites. Lattice vibrations interact with the electronic energy
This is discussed further in Sec. IV. levels and transitions of the Cr 3  ions through the modu-

The final experiment on the absorption and fluores- lation of the local crystal field. The r-sults of this in.
cence spectra of BeAI20 4:Cr3+ involved monitoring the teraction manifest themselves in the opt.Al spectral prop-
fluorescence emission occurring after two-photon- erties through the initiation of vibronic transitions, radia-
absorption excitation. A 30-ps pulse from a frequency- tionless transitions, and phonon-scattering mechanisms.
doubled Nd-YAG laser (YAG denotes yttrium- The first of these produces the broad spectral bands
aluminum-garnet) at 532 nm polarized parallel to the b described in the preceding section. The second leads to a
direction was used for excitation. This has weak single- temperature-dependent decrease of the fluorescence life-
photon absorption by mirror-site ions in the visible spec- time of the R lines and both the second and third can
tral region and strong two-photon absorption in the uv re- cause a thermal broadening of the R lines. The measure-
gion terminating on a shoulder of the band edge as seen in ment of these last two effects are discussed in this section.
Fig. 7. The fluorescence observed after this type of exci-
tation occurs in two regions: the normal emission in the A. Fluorescence lifetimes
700-nm region as shown in Fig. 4 and a new emission
band in the 400-nm region as shown in Fig. 7. This new, Figure 8 shows the temperature dependences of the
broad, structured emission band has not been reported fluorescence lifetimes of the R lines for Cr 3 + ions in both
previously and may be important in determining the mirror and inversion sites. The lifetime of the emission of
excited-state bsorption and dispersion properties of the the ions in the mirror sites decreases from about 2.3 ms at
material. 10 K to about 290/us at 300 K. The long lifetime at low

The broad luminescence band near 400 am may be due
to a 2Aig- 4A2. transition. The initial state of this transi- T .0 ,
tion is a Stokes-shifted upper level of the t2 es-electron
configuration. The reciprocal transition in absorption
should be a broadband shifted to higher energies. Howev-

OA

0 2.0 E
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"°r . . *.:.., ... ,. kl
220 260 300 340 380 420
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FIG. 7. Fluorescence emission in the 400-nm spectral region 0 0 o 0.o ool5 O.O2" 0.1

of alexandrite after two-photon excitation with a 30-ps pulse at 'lK
1

532 nm at room temperature. The dashed line shows the. . .
absorption-band edge (Ellb; sample thickness 0,6 cm) with the 'FIG,8. Temperature dependences of the fluorescence decay
arrow at 266 nm showing the region excited by the two-photon times of Cr 3 * ions in mirror and inversion sites in alexandrite.
transition. The soiid lines represent the best fits to the data using Eq. (1).
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temperatures is the intrinsic lifetime of the 2E. state for = (j'-o m)-'

ions in this type of site, while the reduced lifetime at high
temperatures is due to thermal excitation to higher-lying XIn{(1' 40 0.- /T')
levels with shorter intrinsic decay times. This quenching x[l- r(i'-, o )' r r /N 0]j . (2)
can be modeled by considering two excited levels in
thermal equilibrium with intrinsic decay rates ' I and Here, r' is the nonradiative decay time of the upper level,

7'. The common decay rate of the coupled levels is wbile.NE and N4o. are the initial populations of the

given by upper and lower level, respectively. Use of the measured
fluorescence lifetimes with no direct pumping of the 2E
level results in a predicted value of 30 As for t,. The

r.-= T . +rTexp(-AEQ/k.T), (1) slightly shorter observed value can be attributed to the
presence of some pumping of the 2E. level through one-
photon-absorption processes to the 4T band. Setting

where AEQ is the splitting between the two levels and k r.,NE/NE I 4 0  = 17.94 As in Eq. (2) gives the observed re-
is the Boltzmann constant. The solid line in Fig. 8 is the sult.
best fit to the data treating AEQ and r. as adjustable pa- B. Linewidths
rameters. The results give the energy-level splitting as
800 cm-I and the lifetime of the upper level as 7.1 /s. Electron-phonon processes also cause a temperature

The inversion-site emission has a lifetime of about 48 dependence of the widths of spectral lines. The width of a
ms and shows no change with temperature. The long life- zero-phonon transition can have contributions from varia-
time is consistent with the forbidden nature of these tran. tions in the local static crystal field, direct phonon transi-
sitions, and the lack of temperature dependence is con- tions, and Raman scattering of phonons. The first of
sistent with the spectral observation that the upper energy these results in a temperature-independent Gaussian con-
levels are shifted to higher energy compared to the mirror tribution to the linewidth due to inhomogeneous broaden-
sites, thus minimizing quenching of the 'Eg levels through ing. The second is a lifetime-broadening process which
thermal-excitation processes to these higher levels, produces a temperature-dependent Lorentzian line shape.

The fluorescence lifetime of the broadband emission The third mechanism also gives a temperature-dependent
from Cr31 ions in the mirror sites is the same after two- Lorentzian contribution to the linewidth.
photon excitation, but the rise time of the fluorescence is The temperature dependences of the full widths at half
measured to be about 20 As. The broadband emission maximum of the R, lines from Cri + ions in mirror and
around 400 nm has a decay time of about 8 As with a inversion sites are shown in Fig. 9. Both lines approach a
negligible rise time. The measured fluorescence lifetime constant value at low temperature and broaden rapidly at
of the 400-nm band is significantly shorter than expected high temperature. This is similar to the thermal broaden-
for a spin-forbidden radiative transition which may indi- ing of the R lines in ruby.' 0 "' The low-temperature
care quenching due to radiationless relaxation. This is linewidth is the inhomogeneous contribution due to local
consistent with the observed rise time of the 700-nm emis- strains, while the temperature variation can be interpreted
sion after two-photon excitation, which implies the pres- as being due to phonon-scattering processes and direct
ence of an indirect pumping process of the normal phonon transitions. In the Debye approximation the ex-
fluorescence transitions. If this is due to relaxation from pression for line broadening due to Raman scattering of
the 400-nm level, the rise time should be given by phonons is'2

11

Av=(WD/4r 2 ) foI dx In[ 1 + 9rW 2xexp(xTD/T)[exp(xTD/T - 1 )]- 2 [g 2(x)+(91r2/4) W 2 x 6]- , (3)

where phonon process and /, is the coupling constant. The total
broadening due to this type of process is the sum over all

g(x)= 1+ W{ l+3x 2 + l.5x 31n[( -x)/( I +x)] .I (4) possible phonon transitions.
Attempts were made to use Eqs. (3) and (5) to fit the

The Debye temperature and frequency are given by TD measured temperature-dependent widths of the RI lines
and (OD, respectively, while W is the quadratic electron- after subtracting the low-temperature residual linewidths.

* phonon coupling constant. Using either velocity-of-sound For R 1 a good fit was obtained using Eq. (3) with values
measurements 3 or specific-heat data,' 3 the Debye tempera- for W of either 0.79 or -0.2. This is shown as a solid
ture for BeAI20 4 can be estimated and is found to be ap- line in Fig. 9. The perturbation-theory approach used in
proximately 500 K. Ref. 10 gives an equally good fit to the data, but the value

The linewidth contribution due to a direct-phonon- of the coupling coefficient does not justify use of the
absorption process is given by weak-coupling limit.

, 011 ex (&E/ kp T) 1 71A good fit to the inversion-site data after subtracting
.../ T I.. -the inhomogeneous. contribution to the linewidth can also"

be obtained using Eq. (5) and treating 0 and AR as adjust-
where AE, is the energy-level splitting spanned by the able parameters. This is shown by a dotted line in the fig-

I'
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No - IV. ION-ION INTERACTION
S. TheCr3+ ions in the lattice can interact with each oth-

er through various electric or magnetic multipole interac- '
tions or through exchange. The mechanism for the in-
teraction depends on the spacing and geometric arrange-
mint of the ion pairs. Weak interaction can be treated as

0 " energy transfer between two isolated Cr 3+ ions, whereas
strong interaction produces coupled pairs with energy lev-

*t .1 els and transitions much different than those of isolated
' .q ions. In materials such as ruby it has been found that

both types of interactions are present,"-" and we have
observed both types of interactions in alexandrite crystals,

0- Z",as described below.

A. Energy transfer between Cr3+ ions
b Site-selection time-resolved spectroscopy methods were

I . 0 .. used to investigate the transfer of energy from Cr 3+ ions
"'in mirror sites to Cr 3+ ions in inversion sites. A 10-ns

L -".... dye-laser pulse tuned to near 475 nm was used to selec-

o'...- tively excite a nonequilibrium distribution of the ions in
the two types of sites, and the time evolution of the

X % 02 fluorescence spectrum was monitored using a 1-m mono-
" • •-chromator, an RCA C31034 photomultiplier tube, and an

EGG-PAR boxcar integrator. Figure 10 shows the varia-
SI "tion of the ratios of the integrated fluorescence intensities

0 of the R emission lines of Cr3+ ions in inversion and
mirror sites as a function of time after the laser-excitation
pulse at 10 K and room temperature.

FIG. 9. Temperature dependences of the full widths at half The observed energy-transfer chqracteristics can be ex-
maximum of the R lines in alexandrite. Circles are for R,. plained by assuming that the dominant transfer takes
and squares are for R, lines; solid symbols are measured data place from the ionA in the highcr-energy mirror sites to
and open symbols represent the linewidths after subtraction of the ions in the lower-energy inversion sites with no back
the temperature-independent inhomogeneous contributions. The transfer. The time evolution of the sensitizer fluorescence
solid line represents theoretical fit to the data using Eq. (3), intensity is described by an expression derived by Inokuti
while the dotted fines represent the best fits using Eq. (5). The and Hirayama,17 while the expression for the time evolu-
parameters giving these fits are listed in Table 1. The dashed tion of the activator fluorescence intensity has been de
line shows the general trend in the data and does not represent a rived by Huber." Assuming electric-dipole-dipole in-
theoretical fit. teraction, the ratio of these expressions has the form

i(t)II,.t)--= At - /2exp(Bt 1/2) , (6)

ure with fl59 cm - 1 and &E=365 cm - 1. Since this ac- where

tivation energy does not correspond to a known splitting B f&ir/3)Na"Q, (7)
between inversion-site energy levels, it is concluded that.
the Roman scattering processes dominate the homogene- and A is a constant factor involving the radiative decay
ous line broadening for ions in the inversion sites. rates and initial concentrations of the ions in the two

No good fit to the data obtained on the temperature types of sites. The energy-transfer parameter can be ex-
dependence of the linewidth for the R, line could be pressedin terms of the critical interaction distance R0 as
found using Eq. (3). After subtracting the inhomogeneous
contribution to the linewidth of 2.15 cm-', the data can a-Ro/r ". (8)

be fitted using Eq. (5) with two terms in the sum as shown The dashed and solid lines in Fig. 10 show the best fits
by the dotted lines in Fig. 9. The first process has a cou- to the data found by using Eq. (6) and treating A and B as
pling constant of 8 cm and an energy splitting of 264 adjustable parameters. At room temperature a reasonable
CM- I, while 0-202 cm-' and AE S00 cm -  for the fit is obtained for an energy-transfer parameter of
second process. The latter is consistent with direct pho- a=6. l l0-i cmsec-. This implies a critical interac-
non absorption to the 'Tz, level, while the former ma, be tion distance of 35 A. At low temperature the general

-associated with transitions to the components of the.?T' , shape of the time evolution of the fluorescence intensity
levels. ".ratios can be predicted by Eq. (6), but the data cannot be"'"

The parameters obtained from these lifetime and fitted exactly. The best simultaneous fit to the long-time
linewidth measurements are summarized in Table I. and short-time parts of the data is shown in the figure.

...... ...... , . - - ,- - , - , .... ..
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3. Echsnge-coupled pair of Cr.+ ions

. -When the chromium ions are located close enough to
-. 0 each other to interact strongly, they produce satellite lines

" "0 in the optical spectra called N lines. Figure 11 shows the
. region of the fluorescence spectrum near the R. lines for
- ">. 0 several different excitation wavelengths in this region.

0.1 0 T 10K -- 0 The tunable dye laser was used for excitation and an
0 T 300K EGG-PAR optical multichannel analyzer (OMA) was

used for data acquisition. The observed spectral lines can
............................... be attributed to transitions between levels of exchange-

10 o20 coupled pairs of Cr3+ ions. This type of pair spectrum
has been observed for Cr3+ ions in other hosts. 6 192°

FIG. 10. Evolution of the ratios of the integrated fluores- The interaction Hamiltonian describing the exchange
cce intenities of the R, lines in mirror and inversion sites as coupling of the chromium ion pairs is
a functin of time after the Iaser-excitation pulse at 300 and 10
K. The solid and dashed lines represent the best fits to the data
using Eq. (6) with the parameters listed in Table I. Hex = -JS, "S2 , (9)

This was obtained using an energy-transfer parameter of where the coupling constant J is positive for ferromagnet-
a=l.9Xl0- '6 cm6 sec - , which implies a critical ic coupling and negative for antiferromagnetic coupling.
energy-transfer distance of 40 A. The poor fit to the data The ground-state energy-level splitting due to ferromag-
indicates that the simple model used for this interpreta- netic exchange coupling for two Cr3+ ions with spin - is
tion is not adequate at low temperatures. The major diffi- AE =0, IJ,3J,6J. For antiferromagnetic coupling of these
culty is probably associated with the presence of a nonsta- ions the splitting is AE =0,3J,5J,6J. The spectra in Fig.
tistically random distribution of Cr3+ ions as discussed in 11 can be associated with the energy-level diagrams of six
the following part of this section. The energy-transfer different types of pairs shown in Fig. 12. Two are fer-
parameters obtained from fitting these time- romagnetically coupled and four antiferromagnetically
resolved-spectroscopy data are summarized in Table I. coupled. The small discrepancies in some of the observed

TABLE I. Summary of alexandrite spectral parameters.

Lifetime data

T' .(I0 K)=2.3 ms r,(300 K)=290 us
AEQ=800 cm-1 rr= 7.1 ps
T' =48 ms (all temperatures)
rew(300 K)=8 us t,=20 ps

Linewidth data
Mirror site Inversion site

S AV0=2.15 cm-  Avo=2.00 cm- 1

01=8.0 ca- TD-500 K
AE1=264 cm- 1 W=0.79 or -0.2
02 -202 cm

Energy transfer
T300 K T=I0 K

a=6.08 X0 -  cmeSW - I  a=l.90X 10 6 cm6sec-

Ro=35 A R0 =40

Exchange-coupled pairs

I,=4.3 cm-t' J4=4.3 cm - 1
J 7-3. cm'

J3-6.5 cm-  ' J=--4.4 cm-

op p p p.,. , ~ * ~R ' .~~ . _".'V '
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FIG. 11I. Fluorescence spectra of N lines in alexandrite at 10
K for four different laser-excitation wavelengths between 670 FIG. 13. Excitation spectrum of the pair line at 683 nm in
and 680 rm. alexandrite at 10 K.

14.187 9 C,,
-1  

14.660 $C
r l

:: " 'idue to effects of "superexchange" or "biquadratic ex-
change '  Table I gives the coupling parameter for each

22 jgf 47 J, 37 9 type of pair.

12 3J i -12 9 300 I SJ31 2 Figure 13 shows the excitation spectrum of the 683-rnm

4 3 1=8 s73a . pair line as an example of the excited-state splittings.
oc.0 o- This complex spectrum does not obey any simple splitting

PAIR 1, PAR progression as seen in the ground-state manifold, and thus
no attempt was made to establish excited-state energy-

14 703 7 C,,Z" ,, ,-r, level diagrams for the pairs. The problem may be associ-4 ~l at d wi h a r a d ow n of , th io -ion in ter c tio H a il
i I tonian given by Eq. (9) when the ions are in the excited
._ < ... e " ". ";" state. A Hamiltonian coupling the spins of the individual -

" ;" "electrons may be more appropriate in this case. 6

68 a 0 2 -s 3s 1 1 J.8 It is difficult to identify the exact lattice sites involved
318: M J-32 3 108 3j-1 " in these different pairs without extensive investigation us-

" ,s -1s94 6 " ing tools such as electron paramagnetic resonance and
". oc Be11 uniaxial stress. 19 However, the lattice structure of chryso-

.,Pt AI3 PAIR 4 beryl shown in Fig. I provides a variety of different com-
binations of close-neighbor pair sites involving both mir-

,,12 c -" 14. 06 C " ror an d inversion locations.

. V. DISCUSSION

. , 26 - j tJ2 sJ6. s tIs.s The results of the group-theoretical analysis of the ener-

N12 2 -2J2

1477 1475 1471

219 1- 3J2 9 133- 3J.,3 3_ gy levels and selection rules for electric dipole transitions. 1. for CrF e ions in the mirror sites in alexandrite crystals
KAIR fo6r dAfer presented in Sc. I provide an understanding of the

FIG. 12. Energy-level diagrams etablishe for six changes in relative intensities and apparent peak positions
exchange-coupled pairs of Crf ions in alexandrite. The values of the sharp lines and broadbands seen in the absorption
for the coupling parameter J are listed in Table 1. and fluorescence spectra for different polarization direc-

40", .- M ty - p..
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tions. The observation of the 400-nm emission band and ifolds are consistent with the predictions of the direct-
its excitation through two-photon absorption terminating exchange expressions given in Eq. (9). The values of J
at 266 am demonstrates the presence of several higher- found for these alexandrite pairs are smaller than most of
lying levels in alexandrite crystals which have also been those reported for ruby and YAIO 3 hosts.16"19,20 This may
seen by other types of measurements. For example, the be due to differences in the pair geometries for the dif-
absorption-band edge in Cr3

+-doped BeAI 20 3 is shifted ferent host crystals or in the exact details of the exchange
toward the visible compared to that of the undoped ma- interaction involving contributions from superexchange or
terial. Also, the magnitude of the refractive index change biquadratic exchange effects.16  In studies of Cr3+

in alexandrite induced by four-wave mixing could be exchange-coupled pairs in ruby, it was found that the
theoretically explained only by assuming the existence of excited-state splittings are better described by an interac-
high-oscillator-strength transitions to levels in the ultra- tior-Hamiltonian involving a summation over all mdivi-
violet spectral region.2' In addition, excited-state absorp- dual electron spin-spin interactions instead of the total ion
tion measurements on alexadrite '22 show the presence of spin-spin interaction given by Eq. (9). This is probably
energy levels in the vicinity of 32000 cm-, which is be- also true for the pairs in alexandrite, but verification of
tween the absorbing and emitting levels associated wit: this will require further work.
two-photon-excited fluorescence. The properties of these The presence of strongly coupled ion pairs complicates
near-uv spectral transitions constitute an important area the interpretation of energy transfer between mirror- and
for future investigation, inversion-site ions which are not strongly coupled. The

The temperature-dependent variations in the spectral fact that the Cr3 ions in mirror and inversion sites have
properties show the importance of electron-phonon in- distinctly different excitation spectra at room temperature
teractions in determining the spectral dynamics of alexan- but not at low temperature is consistent with the results of
drite. Direct-phonon-absorption processes dominate the time-resolved site-selection spectroscopy measurements
temperature dependence of the R ,. zero-phonon line. which show very different energy-transfer characteristics
The splitting of the 2E. and 4T2 energy levels (AEQ = 800 at the two temperatures. The different excitation spectra
cm - ) is small enough to be connected by direct-phonon- explain why it was possible to establish laser-induced
absorption process. This produces a temperature- Cr3+ population gratings separately for the mirror- and
dependent lifetime quenching and homogeneous line inversion-site ions in alexandrite at room temperature. 2'
broadening. Similar phonon processes terminating on the Both excitation-spectra measurements and time-resolved2TI, level contribute to the line broadening but not to the site-selection spectroscopy results show that energy
lifetime quenching. Recent results on the pressure depen- transfer from ions in inversion sites to ions in mirror sites
dence of the alexandrite mirror-site spectra have also been takes place more strongly at low temperatures.
interpreted in terms of direct phonon processes to the 4T21 Normal assumptions concerning energy transfer be-
level for both line broadening and lifetime quenching. 23 It tween randomly distributed sensitizer and activator ions
is interesting that no contribution to the line broadening are not strictly valid for Cr3+ ions in alexandrite crystals
due to Raman scattering of phonons is observed for the because there is a region around each sensitizer within
R 1 ,, line. which strong coupling produces pair spectra instead of en-

The R ,1 zero-phonon linewidth and lifetime are not af- ergy transfer. Thus the values of R0 obtained from fit-
fected by direct-phonon-absorption processes in the tem- ting Eq. (6) to time-resolved spectroscopy results should
perature range investigated because of the large excited- only be considered as effective interaction distances for
state splittings of the energy levels. Consequently, the comparing energy-transfer characteristics at different con-
lifetime is independent of temperature and the thermal centrations, temperatures, etc. The values listed in Table I ,
line broadening is dominated by the Raman scattering of are significantly larger than predicted from spectral over-

Iphonons. lap considerations assuming a uniform distribution of
The temperature variations of the homogeneous Cr3+ ions.26 The apparent increase in energy transfer at

inewidths of the R, lines in alexandrite are similar to low temperature is somewhat surprising since lowering
those observed for Cr3+ ions in ruby.' O," 24' Contribu- the temperature generally quenches energy transfer in-
tions to the linewidth have been observed both from Ra- stead of enhancing it. For the case of alexandrite it ap- -
man scattering processes and from direct phonon process- pears that the interaction causing the strong coupling de-
es between the excited-state levels."' 21' 2 The inhomo- creases more at low temperature than the value of Ro for
geneous linewidths observed at low temperatures in alex- energy transfer. This decreases the size of the strong-
andrite are greater than those observed for ruby with coupling sphere surrounding each sensitizer and allows
equivalent Cr3+ concentrations. This indicates less ran- activator ions closer to the excited sensitizer to take part
dom crystal-field environments in ruby than in alexan- in energy transfer instead of forming coupled pairs. Al-
drite crystals. though this reasoning can account for the observed

The Cr3+ ions in alexandrite can interact to form change in energy transfer with temperature, it is obviously
exchange-coupled pairs. In this case the Cr 3+ ions lose a simplified picture of a very complex situation for ion-
their individual identity and produce absorption and emis- ion interaction in alexandrite.
sion spectral lines associated with the energy levels of the The performance of alexandrite as a tunable solid-state
pairs. The positions of the emission lines establish the laser material is critically dependent on the spectral
splittings of the ground-state energy levels of each type of dynamics of the Cr3+ ions. The two types of spectral in-
pair. The observed splitting progressions of the pair man- formation reported here most relevant to laser characteris-

44 ~ ~ ~ o V" - . *,***
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tics concern the mur-uv spectral bands and the ion-ion in- entage of Cr3+ ions in inversion sites, which might be

teraction. The former can contribute to degradation of done through co-doping with ions which preferentially oc- A
lasing operation through excited-state absorption and non- cupy these sites.
linear optical effects. The latter shows the importance of
having a uniform distribution of Cr3+ ions in the crystal
to minimize the presence of exchange-coupled pairs which -.. ACKNOWLEDGMENTS
do not contribute to laser emission. In addition, Cr3+

ions in inversion sites do not have the same lasing proper- This research was sponsored by the U.S. Army
ties as ions in mirror sites and thus energy transfer from Research Office (Durham, NC), Department of the Army,
the mirror-site ions to inversion-site ions alters the laser and by the National Science Foundation under Grant No.
operation. Therefore it is important to minimize the per- DMR-82-16551.
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Several aspects of the optical spectroscopic properties of alexandrite crystals not previously investigated are reported here.
For Cr ions occupying the Al3P lattice sites with mirror symmetry in BeA] 20, the positions of the zero-phonon lines for
absorption transitions to the 2 T,, and 'T2. levels are identified, and vibronic transition peaks in the fluorescence spectrum are
compared to transitions appearing in the Raman spectrum and Stokes excitation spectrum. In addition, the effects of radiation
trapping are shown to lengthen the fluorescence lifetime of the 2 E, -A 2 transition for ions in these sites at low temperatures.
For Cr 3 ions occupying the AV* lattice with inversion symmetry, the ground state splitting of the 2 E,-A 2, transition is
reported and the decrease of the fluorescence lifetime with temperature is shown to be due to the increase in vibronic emission
probability as well as increased probability of direct radiationless decay.

1. Introduction identification of zero-phonon lines and specific
phonon peaks in the vibronic sidebands for Cr 3

Alexandrite (BeAI 20 4 • Cr 3+ ) is important as a ions in sites of mirror symmetry. Also, the effect
tunable solid state laser material [1,2]. We recently of radiative reabsorption on the fluorescence life-
reported some of the spectroscopic properties of time of the mirror site ions is discussed. In ad-
alexandrite crystals 13], and in this paper we pre- dition, the temperature dependence of the fluores-
sent additional details of the optical spectroscopic cence lifetime of the Cr 3+ ions in the inversion
characteristics of this material. The spectra are sites is presented.
complicated by the presence of optical transitions The sample investigated was an oriented cube
associated with Cr 3  ions in two nonequivalent of alexandrite with each edge about 7 m. It
types of crystal field sites, one having mirror contained 0.0325 at% Cr 3  ions with 78% of these
symmetry (C,) and the other having inversion occupying aluminum sites with mirror symmetry
symmetry (Ci). In addition, nonuniform Cr3  ion and 22% occupying aluminum sites with inversion I
distributions produce transitions associated with symmetry, as determined by the methods given in
exchange coupled pairs of Cr 3  ions [3-51, and ref. [2). The undoped chrysoberyl sample used for
the electron-phonon interaction gives rise to Raman spectroscopy was a cube of approximately
vibronic transitions. These properties have made it the same dimensions.
difficult to understand all of the details of the

optical spectra of alexandrite. The results reported 2. Spectral properties of mirror site ions
here include a comparison of the Raman spectra 2. L Identification of spectral structure
of alexandrite and chrysoberyl (undoped BeA 204)
with the structure in the low-temperature absorp- The absorption spectra were measured on a
tion and fluorescence spectra, which allows the Perkin-Elmer 330 UV visible spectrophotometer

0022-2313/87/S03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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T ,The sharp lines appearing on the low-energy side
70- T'12K of the 4T, band between about 580 and 670 tun

4T9 
2 "2 4 include zero-phonon transitions to components of

2 ~~the 'T15 and "T2, levels, and phonon peaks in the
, =-/ vibronic sidebands of both the R,. line and the L

4 / 'T 2. zero-phonon lines. One of the goals of this
to/ investigation is to identify the origin of each of

these peaks.
0.I Figure 2 shows an expanded view of the ab-

sorption spectrum in the region of interest. Each
0. _ peak in the spectral structure is labeled and its

4W o Soo 6- position is listed in table 1. The absolute positions
F . om n aof the peaks and the temperature dependences of

Fig 1 Absorption spectrum of alexandrite at 12 K. their positions of the peaks and the temperature
dependence of their positions and intensities are

used to distinguish between zero-phonon lines and
with the samples mounted in a cryogenic refrigera- vibronic lines. Zero-phonon lines should appear in
tor to control the temperature. To obtain the exactly the same position in the emission and |
fluorescence spectra, the sample was excited by a absorption spectra whereas vibronic transitions
nitrogen laser-pumped dye laser with Rhodamme appear as mirror images in absorption and enxis-
6G dye tuned to excite the 4T2s band of the mirror sion about the zero-phonon line. Multiphonon Il

site ions. A one-meter monochromator, RCA transitions appear as uniform progressions in en-
C31034 photomultiplier tube, and an EG & ergy displacement from the zero-phonon lines.
G/PAR boxcar averager were used for the detec- Figure 3 shows the fluorescence on the anti-
tion system, and a cryogenic refrigerator was again Stokes side of the Ri line in the spectral region
used to control the temperature of the sample. of interest, in comparison with the structure in the

Figure 1 shows the absorption spectrum of absorption spectra at different temperatures. From
alexandrite at 12 K with Ellb. The spectral fea- these spectra it is easy to identify the lowest two
tures are dominated by transitions associated with components of the 2 T,, level split by the low e
Cr3" ions in mirror sites both because of their symmetry contribution to the crystal field and by
higher concentration compared to inversion site spin-orbit interaction. These are generally desig-
ions and because the oscillator strengths of transi-
tions of Cr 3

' in sites with a center of symmetry (nm)

are generally two orders of magnitude smaller 700 Soo oo
than in sites without inversion symmetry. The two /.
broad bands are associated with transitions to the TEb
"T,, and 'T,, levels, while the shoulder on the 4 T3  T,12K
band edge near 245 run may either be due to a
charge transfer transition or to a transition ,a- 3
terminating on one of the higher levels of the 3d'
configuration such as the 'Ts(b) levels [31. This is S.,
consistent with the crystal field splittings predic- S I

ted by the Tanabe-Sugano diagram for this elec-
tronic configuration. The properties of this band R ) .
will be the subject of future research. This spec- 140 1&0 W0 17.0 16.0 1t. 20.0 *

trum is similar to the room temperature spectrum p (V3 cm)
[3] except that at low temperatures the bands are Fig. 2. Structure in the absorption spectrum of alktandrite near
narrower and there are more sharp peaks visible, the Rm lines and on the low-energy side of the 4T) band.

atM.

".'"' -'-.'. ... . .. ";'
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Table 1 Table 1 (continued)
Spectral structure of mirror site ions Vibrational spectra (r in cm- -)

Absorption spectra (12 K. Ellb) R1m Fluorescence Raman Comment

X (nm) r (cm -1 ) Assignment Comment Vibronics (12 K) Alexan- Chryso-

678.68 14734.5 RIm (2E,)  AE&-dt drite beryl
-0.54 cm-' 680 683 680

677.11 14768.6 R2m (2 E,) AE, - 34.1 cm 700
661.50 15117.0 R1m vibronic i, - 383.5 cm-' 749 749
652.70 15321.0 S,. ('T 1 , 773
646.50 15468.0 S2. (

2
T,,) 782 782

643.00 15552.0 S3m (2T1 ) 816
643.40 15542.0 TIm ('T2) 938 938
634.00 15773.0 T'i vibronic , - 231 cm-
629.00 158980 Tm ('T 2,)
620.00 16129.0 T,. vibronic P - 231 cm-
599.00 16694.0 T)m (T2) nated as S lines. The highest energy component of
470.95 21234.0 Tm ) AT,2) this level is superimposed on the lowest of the six
46 7.30 21 400.0 B2m (2 1.. components of the split 4 T 29 level (designated as T
465.30 21492.0 B,.m(T 2,) lines) at very low temperature. As temperature
460.00 21739.0 T,. (4 T,,) increases, the positions of the components from

Vibrational spectra (P' in cm- 1 ) the two different levels shift in energy and vary in
R, Fintensity differently, allowing them to be partially
Rim Fluorescence Raman Comment resolved as seen in fig. 3(A). Transitions involving
Vibronics (12 K) Alexan- Chryso- the 'T2 , levels appear in both absorption and

41 drite beryl emission spectra whereas transitions involving the
)41 Stokes excitation

246 240 240 Stokes excitation
25" 0.

. 276
315 326 I
352 358 356 % I 1(2Trl
372

410

455 443 440 C12
459 S3(2T)
469 0L. ..05 5 5

473 X(nm)
477

481 482 482 -
490 . K

* 501

510
520 524 524 2I
534 1 2--

560 1 11

570 569 569 0 -
586 640 O a
600
610 Fig. 3. Structural details in the alexandrite spectra in the 640 to
630 660 nm region. (A) Temperature variation of the absorption
660 lines between 4 and 206 K. (B) Comparison of the line posi-

tions in the transmission spectrum and the anti-Stokes fluores-
cence spectnm.

Itsk



32 A.B. Sucocki et al. / Spectroscopic properties of alexandrte cr'stals If

'T, level appear only in the absorption spectra. "/
Thus by comparing the two types of spectra shown
in fig. 3(B) it is possible to identify the position of I
the T, line. Then the other component resolved in 1
fig. 3(A) is assigned to S,.

It is more difficult to identify unambiguously -
the zero-phonon absorption transitions terminat- V
ing on the five upper components of the split 'T 2 g \
level. Since the first-order spin-orbit splitting is at
most 50 cm-I which is much less than the crystal 140 4 0

field splitting for this level [6,7], there are expected P(C,-1

to be three no-phonon lines with unresolved sec- Fig. 4. Fluorescene vibromc sideband of the Ri, line malexanmdrige at 12 K.
ond-order spin-orbit splittings. The similar tem-

perature dependences of the peak intensities favors
the assignments given in table 1. Each of these
zero-phonon lines has a satellite about 240 ± 10 Stokes excitation spectrum in the region of the
cm-I on its low-energy side which is attributed to Ri_ line (678.68 nm). The sample was mounted in
strong coupling to a specific vibrational mode, as a cryogenic refrigerator set for a temperature of 12
discussed below. The additional broad peak ap- K. The emission intensity of the Rim line was
pearing a! 661.5 nm is attributed to a vibronic monitored during excitation with an argon pumped
transition of the Rim line (2E -4A2s transition) Rhodamine 6G dye laser tuned to selectively ex-
involving a phonon of about 380 cm-1. This tran- cite the mirror site ions in the 'T2. band. Then
sition also appears in the anti-Stokes sideband of changes in the Rim emission intensity were moni-
the fluorescence spectrum shown in fig. 3. Because tored as the sample was additionally excited by a
of the numerous possibilities for coupling to other nitrogen laser-pumped tunable dye laser contain-
phonon modes, the proposed assignments are not ing Oxazine 720 dye. This laser was tuned between
unambiguous. about 665.0 and 677.0 nm where there are no

The splitting between the Rim and R2. lines resonances with electronic transitions. Thus any
(i.e., the splitting of the 2 E. level) is measured to additional excitation provided by this laser results
be 34.1 cm - at 12 K. This splitting increases to from Stokes vibronic absorption transitions in-
over 40 cm at higher temperatures. volving stimulated phonon emission. The simulta-

The structure in the fluorescence spectrum was neous pumping with the Rhodamine 6G laser
also investigated. Figure 4 shows the low-tempera- provides phonons for this process through radia-
lure fluorescence spectrum on the low-energy side tionless relaxation from the 4 T,, to the 2E. level.
of the Rim line. The peaks in the anti-Stokes No Rim emission was observed for excitation with
fluorescence spectrum shown in fig. 3(B) appear in only the Oxazine dye laser, but enhanced R, emis-
the Stokes vibronic sideband in fig. 4 at approxi- sion was observed when the Oxazine dye laser was
mately mirror image positions about the Rim line, tuned to certain wavelengths with the Rhodamine
Most of the peaks within about 100 cm-' of the dye laser on.
Rim line have been associated with transitions The excitation spectrum was recorded point by
involving exchange coupled pairs of Cr 3  ions and point and although the resolution in this type of
are not discussed in this paper [3-5]. The remain- experiment is very poor, two distinct peaks were
ing structure in the spectrum is associated with observed in the Stokes excitation spectrum. These
vibronic transitions involving the Rm line and were at approximately 40 and 240 cm-' higher
specific phonon modes. The positions of the energy than the Rm line. If the electronic part of
vibronic transitions are listed in table 1. the vibronic transition is associated with the R 2m

In order to investigate the electron-phonon line, this indicates the presence of a significant
coupling with low-energy modes, we measured the population of phonons of these energies generated
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through cascade radiationless relaxation processes
after pumping in the 4T2s band. Since 40 cm' is
approximately the splitting between the R. lines.
these phonons are probably generated through the
transitions from initial level of Rz to the initial
level of R,.. There is additional evidence for the
presence of a high density of 240 cm - ' phonons
in the absorption spectrum (231 cm - ' vibronic
peaks associated with the T1 . and T2. zero-pho-
non lines and a 255 cm -' vibronic peak associ- 2am o0
ated with the T3. zero-phonon line), the emission 9' ar

spectrum (246 cm vibronic peak associated with Fig. 5. Major peaks in the Raman spectrum of alexandrite.

the R1. line), and the Raman spectra (240 cm -

lines in both the alexandrite and chrysoberyl spec-
tra). If these vibronic transitions were associated analysis for the mirror site point group in the
with the Rl, line rather than Rz the phonon chrysoberyl crystal structure predicts the presence
frequencies involved would have to be 74 and 274 of over 90 vibrational modes, about half of which
cm-'. Since there is no other spectral evidence of are Raman-active. More detailed Raman spectra
phonons with the former frequency and only a of alexandrite have been reported recently [8]. The
weak fluorescence vibronic peak of the latter Raman spectra of alexandrite and chrysoberyl are P
frequency, the interpretation involving R, essentially identical. There is some agreement be-

vibronic transitions appears to be correct. tween the Raman spectral peaks and the structure
Raman spectroscopy was used to identify the in the vibronic fluorescence sideband of the RIm

frequencies of other phonons in the lattice. The line.
514.5 nm line of an argon laser was used as the
light source and an Instruments S.A. Ramanor 2.2. Radiative energy transfer
U-1000 monochromator was used to analyze the
scattered light. A computer controlled, single-pho- Radiative energy transfer or " radiation trap-
ton counting system was used for data acquisition. ping" is known to occur in Cr ' *-doped materials
Spectra were obtained for all crystallographic di- such as ruby [11]. This resonant reabsorption of
rections of polarization for the incident light while the photons emitted from one Cr 3 ion by another
no polarizer was used in the scattered beam. Sam- Cr3  ion in the crystal can change the shape and
pies of both alexandrite and undoped chrysoberyl decay time of the fluorescence spectrum. We have
were analyzed. An example of the recorded spec- determined the effects of reabsorption in alexan-
tra is shown in fig. 5, and the observed Raman drite by measuring the variation of the fluores-
lines are listed in table 1. cence lifetime of the Ri, emission as a function of

The Raman-active phonons can be classified in excitation position in the sample. The results are
terms of the irreducible representations according shown in fig. 6 along with the geometry of the
to which they transform in the point group of the experiment.
crystal. There are three possible types of vibra- The mirror site Cr + ions were again selectively
tional modes in 0 , symmetry, A,, E,, and T. excited by the argon laser-pumped dye laser as
[8-10]. The reduction to C, symmetry will cause a described above. The light was polarized parallel
splitting into additional phonon modes and make to the a-axis of the crystal and the luminescence
it difficult to assign Raman peaks to specific was observed perpendicular to the ac face, which
vibrational modes through the observation of is the direction of strongest absorption. The fluo-
polarization intensity changes. Only the strongest rescence was observed by the apparatus described
Raman peaks are recorded in table 1, many other in the previous section and processed by an EG&
weaker peaks appear in the spectra. Group theory G/PAR 4202 signal averager. The laser excitation
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cay time To is given by Konobeev [14] as
ILD - r (I - q12) _ x2

0' (l-q) 2x10 I
2A x {( x(2x + 1)2- (2x - 1)2[(2x + 1) + 1]}

-.- b Xexp(-9/x){ x(2x + )2 - (2x - 1)
2

A.2.4 x[ (2x+1)+1] exp( -24/x)}, (1)

0where -aod, x-0.5(1-q)-1/2, and q=
0 2 4 6fOE(P)-q(P) dv. The function E(;) is the normal-

d(mm) ized emission spectrum, and i(') is the quantum

Fig. 6. Variation of the fluorescence lifetime of Cr
3  ions in efficiency of the emission. This expression de-

mirror sites as a function of excitation distance into the scribes the physical situation of exciting one face
sample. of a sample and measuring the fluorescence emis-

sion from the opposite face. The thickness d is
altered by working with samples of different sizes.
In our experiment the excitation was created in a

was chopped with a mechanical chopper in order cylindrical shape within the sample parallel to the
to monitor the fluoresence decay kinetics, observing surface, and the effective thickness of

Figure 6 shows the measured fluorescence life- the sanple was controlled by changing the posi-
times recorded at 30 K as a function of the tion of the laser excitation with respect to the
distance of the laser beam from the edge of the sample surface through which the fluorescence
sample observed by the photomultiplier tube. In was observed. Since this is not exactly the same
order to eliminate the possible effects of Cr3 * ion configuration used in deriving eq. (1), this expres-
concentration gradients in the direction of ob- sion must be considered as only a rough ap-
servation, the measurements were repeated with proximation for interpreting the results. The solid
the sample rotated 1800 about the c-axis. The line in fig. 6 represents the best fit to the data
results for the two measurements are within the using eq. (1), treating To and q as adjustable
error bars of the experiment. The decay kinetics parameters. The average absorption coefficient for
were observed to be nonexponential at early times, Rim in our sample was measured to be 1 cm- 1.
and to approach an exponential decay at long The parameters obtained from this analysis are
times. The relative importance of the nonexponen- To - 2.4 ms and q - 0.45.
tial part of the decay curves increased with the The fit to the data shown in fig. 6 is good
excitation distance d into the sample. The decay considering the simplified theoretical approach
times plotted in fig. 6 were measured in the long- which has been used. At higher temperatures, the
time, exponential part of the decay curves. R1. line broadens and the peak absorption coeffi-

The results shown in fig. 6 show that radiation cient decreases, thus decreasing the effects of
trapping in the Ri. transition in alexandrite can radiative reabsorption.
influence spectral measurements even for samples
with low Cr3  concentrations, such as the 0.0325
at % sample used for this work. Exact theoretical 3. Spectral properties of inversion site ions
models for the decay kinetics in the presence of
radiation trapping are very complicated [12-14]. Some of the spectroscopic properties of Cr 3

The simplest expression for the fluorescence life- ions in the inversion sites in alexandrite crystals
time of a crystal with thickness d, average absorp- have been described previously [1-3,15]. We re-
tion coefficient a0 , and intrinsic fluorescence de- port here additional information on the zero-field

%-"I
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splitting of the R1i line, and the temperature de- Table 2
pendence of the fluorescence lifetime of the inver- Properties of inversion site ions (12 K)
sion site ions. R j - 14388.49 cm-' R 2i - 14513.79 cm-

Figure 7 records the low-temperature fluores- A E ., -1.15 cm - ' A El - 124.30 cm -

cence spectrum of alexandrite in the 670-700 nun -r - 63 ms rs - 1.5 ms
in spectral region showing the positions of the AEs-1430cm- h-385cm-'

Rlm, R2, Ri and R, lines. The insert shows the
change in the relative intensities of the compo-
nents of the R,3 line for different polarization
directions of the electric and magnetic field. These The rest of the experimental setup for lifetime
are consistent with a magnetic dipole transition measurements was the same as described in the
[1]. The energy splitting between the Rli and R, previous section. The kinetics of the decay curves
lines is about three times greater than the R line could be described very accurately as single ex-
splitting for the ions in the mirror sites. This ponentials for over two decades at all temper-
indicates a stronger low-symmetry component for atures investigated. The measured decay rates are
the crystal field for the inversion site ions. Simi- shown as a function of temperature in fig. 8. The
larly, the ground state splitting for Ri is about decay rate is essentially constant below about 130
1.15 cm - 1, as compared to 0.54 cm - I for the R1. K and increases rapidly above this temperature.
line [1]. These splittings are listed in table 2. For the Cr 3  ions in mirror sites, the variation

The fluorescence decay time of the Cr 3  ions in of the fluorescence decay rate with temperature
inversion sites was monitored as a function of was attributed to having the 2E. and 4T2, levels in
temperature between 25 and 490 K. The ions in thermal equilibrium, so that the common decay 5

the inversion sites were selectively excited in the rate was given by [3]
'T 2s band by the 488 nm line of the argon laser - . + . -
where the mirror site absorption is weak [3,15]. E T exp(-AE/kT). (2)

Here TE and TT are the intrinsic decay times of
the 2Et and 4T2, levels, respectively, AE is the
energy difference between these levels, and k is

- 1 Boltzmann's constant. The broken curve in fig. 8

shows an attempt to fit the data for the inversion
sites with this model. As seen from the figure, the

E l resulting fit between theory and experiment is
H I b . very poor. In addition, the parameters needed to

E~b l. obtain the closest fit (AE - 560 cm-'; rT. -8.8 N
E !IsH Ic- ms) are unphysical for inversion site ions.

I C I Another contribution to the temperature de-I \. pendence of the lifetime is the increase in vibronic
-HRIm emission probability. Modifying eq. (2) to include
Ram this possibility gives [16]

,- -Al coth(hv/2kT) + irs- exp(-AE/kT).

(3)

Here the first term describes the results of pho-
21 non-induced transitions with phonons of energy -'

Lhr, while the second term again describes the
is ,o 695 effects of thermalization between the 2Es level

and a level AE above it. The fit between this
Fig. 7. Fluorescence spectra of Cr 3 ions in inversion sites, equation and the measured data is quite good as

4,I



36 A.A Suchocki eral. / Spectroscopic properues of alexandue cr.ystals 1

fluorescence line in ruby and of the mirror site
Cr 3  ions in alexandrite are similar [12,17] and do

40o not show prominent local modes such as those
observed for Cr3  in SrTiO [18]. The Raman-ac-
tive phonons of about 240 cm - are important in
the optical spectra of Cr 3+ ions in the mirror

I30-
sites. The presence of a high population of these
phonons produces vibronic peaks in the absorp-
tion spectrum associated with the 4T2 zero-pho-

20 non lines and a vibronic peak of the R,. line in
the fluorescence spectrum. In addition, the results

0 . . of the Stokes excitation experiment show these
T(K) phonons to be generated by radiationless relaxa-

8. Tmperturetion processes from the 'Ti, level to the 2E5 level.
Fig. 8. Temperature dependence of the fluorescence lifetime of tion om the T ee l to

Cr 3 - ions in inversion sites. (See text for explanation of The generation of phonons with energy equal to
theoretical curves.) the splitting of the 2E. level through the radiation-

less relaxation processes between the R,, and
R,, levels as detected through the Stokes excita-

shown by the solid curve in fig. 9. The fitting tion results has also been observed previously in a
parameters used in this analysis are listed in table different type of experiment [19].
2. They are physically reasonable for inversion site Previous measurements of the fluorescence
ions. The nature of the direct phonon processes lifetime of the Cr 3

+ ions in the inversion sites in a
involved in the second term of eq. (3) is not more heavily doped sample have shown no tem-
known at the present time. These may be processes perature dependence up to room temperature [3].
establishing thermal equilibrium with one of the The results reported here were obtained on a more
split components of the 2TI level if this level has lightly doped sample and show a strong tempera-
a significantly shorter intrinsic decay time than ture dependence between 200 and 500 K. It is
the 2E. level. Another possibility is that these possible that radiative trapping in the heavily
processes represent nonradiative decay out of the doped sample obscured the onset of the tempera-
2 Ex level through crossover to the ground state ture dependence of the lifetime. The fact that the
potential well. The spectroscopic information cur- temperature dependence is consistent with strongly
rently available on Cr3  ions in inversion sites in coupled, vibronic emission processes as well as
alexandrite does not allow us to distinguish be- direct phonon processes is quite different from the
tween these two possibilities. In addition it should thermal quenching of the lifetime of mirror site
be noted that it would also be possible to find ions. The relative importance of vibronic emission
good fits to the experimental data by including in may be associated with the magnetic dipole nature
eq. (3) the sum over several vibronic transitions of the R1, transition of inversion site ions. This
involving phonons with different frequencies. means that vibrational modes that break the inver-

sion symmetry can result in higher oscillator
strength transitions.

4. Summary and discussion

The spectral details of Cr 3
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Four-wave-mixing measurements of energy migration
and radiationless relaxation processes in alexandrite crystals
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Four-wave-mixing techniques were used to establish and probe population gratings of Cr + ions
in both mirror and inversion sites in BeAl20 4 :Cr crystals as a function of temperature between
about 6 and 300 K. The four-wave-mixing signal intensity and decay rate were monitored as a func-
tion of the crossing angle of the laser "write" beams. The variation of the signal intensity with
crossing angle is explained theoretically with use of a model based on the interaction between the
laser and a two-level atomic system. Theoretical fits to the results provide information concerning
the relative importance of the absorption and dispersion contributions to the signal, and the dephas-
ing time of the atomic system. The latter is found to be 2.2 psec for the mirror site ions and 80 psec
for the inversion site ions. The signal decay rate of the inversion site ions was found to be indepen-
dent of crossing angle at all temperatures, while the signal decay rate for ions in the mirror site in-
creased with increasing crossing angle at temperatures below about 150 K. This indicates the pres-
ence of long-range energy migration, and the diffusion coefficient describing this process was found
to increase to about 4.2x 10-' cm 2 sec - 1 at 6 K.

I. INTRODUCTION true for inversion-site ions at low temperatures. However,

for ions in the mirror sites, the influence of long-range en-
The optical properties of alexandrite (BeA12O4 :Cr 3+ ) ergy transfer on the FWM signal decay becomes evident

are of interest because of its importance as a tunable below 150 K. The diffusion coefficient determined from
solid-state laser material.' We have recently reported these measurements increases to a value of 4.2 x 10- 7

some of the optical-spectroscopic properties of alexan- cm 2 sec-I at 6 K. This surprising result may be associat-
drite, including the results of four-wave-mixing (FWM) ed with nonuniform Cr 3 -ion distributions which are
measurements at room temperature.'" In this paper we known to be present in alexandrite.2

describe the results of extending our FWM measurements
to low temperatures. II. EXPERIMENTAL APPARATUS AND SAMPLES

The mechanism of transient FWM in doped crystals is
scattering from a laser-induced population grating. In The crystal used for this work was an oriented cube of
alexandrite the Cr 3+ ions can occupy two nonequivalent BeA120 4 :Cr3 + with each edge measuring approximately 7
crystal-field sites, one having mirror symmetry and the mm. The concentration of Cr l + ions is 0.0325 at. %.
other inversion symmetry. We have shown previously The Cr3+ ions enter the lattice substitutionally for the
that population gratings can be established for Cr3+ ions A13+ ions, which occur in the chrysoberyl structure with
in either type of site.' The grating can be associated with octahedral coordination of oxygen ions. They can occupy
differences in either the absorption or dispersion proper- two inequivalent types of crystal-field sites, one with mir-
ties of the Cr 3+ ions when they are in the excited state in- ror symmetry belonging to the C, point group and one
stead of the ground state. We describe here a method for with inversion symmetry belonging to the C, point group.
determining the contributions to the FWM signal from It has been found previously that 78% of the Cr3 ions
these two types of refractive-index modulation. The ratio occupy mirror sites and 22% inversion sites.' The
of these two contributions is used to determine the de- mirror-site ions dominate the optical spectroscopy and
phasing time T2 of the Cr-' ions interacting with the lasing properties of the material.
laser excitation. For the experimental conditions used The experimental setup used for the nondegenerate
here, the dominant process in the dephasing is the pump- FWM measurements is shown schematically in Fig. 1.
band-to-metastable-state radiationless relaxation pro- For temperature control, the sample was mounted in ei-
cess, which is of interest in understanding laser-pumping ther a cryogenic refrigerator or a liquid-helium Dewar.
dynamics. The laser excitation was provided by either the 488.0-nm

The transient dynamics of the FWM signal can be used output from an argon laser or the output of a ring dye
to characterize the properties of energy migration among laser with Rhodamine-6(G) dye tuned to 589.0 nm. The
ions in crystals if the migration distance is of the order of former selectively excites the ions in the inversion sites
the peak-to-valley separation of the laser-induced grat- while the latter selectively excites ions in the mirror sites.2

ing. 5- ' Our previous FWM results showed that no long- The laser output was split with a beam splitter into two
range energy. transfer was taking place among the Cr3+ -beams of equal power (write beams) which travel equal
ions in alexandrite at room temperature.' This remains path lengths before crossing at an angle f inside the sam-
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M ARGON-ION The first term describes the destruction of the grating due

LASER to the fluorescence decay of the ions in the excited state
with a decay time of r-. The second term describes the de-
struction of the grating due to the migration of the excita-
tion energy from ions in the peak to ions in the valley re-

gion of the grating. The latter term depends on the dif-

REFRIGERATOR fusion coefficient of the energy migration, D, and on the
grating spacing A=X/[2sin(0/2)], where X and 0 are the

SS M wavelength and crossing angle of the laser write beams in
the crystal, respectively. Thus by measuring the FWM

SAMPLE signal decay rate as a function of the write-beam crossing
angle, it is possible to determine the energy-diffusion coef-
ficient.

A. Experimental results

M For gratings selectively established with Cr3+ ions in
AVERAGER HRECORDER inversion sites, no angular variation was observed for the

FWM signal decay rate at any temperature. Typical re-
sults are shown in Fig. 2. The signals were exponential

FIG. 1. Schematic representation of experimental apparatus and decayed with half the fluorescence lifetime of
for four-wave mixing. CH. chopper; PMT, photomultiplier inversion-site ions, as measured independently. 2- 4 This
tube; M, mirror; BS, beam splitter, indicates that for Cr3+ ions in the inversion sites energy

transfer does not take place over distances of the order of
the grating spacing.

pie. Their interference forms a sinusoidal pattern which For gratings selectively established with Cr 3" ions in
creates a spatial distribution of Cr 3' ions in the excited mirror sites, the FWM transient signals were nonexponen-
state with the same pattern. Due to the difference in the tial. A typical example is shown in Fig. 3. The decay
complex dielectric constant when the Cr3+ ions are in the rate of the long-time portion of the curve is equal to twice
ground and excited states, this population distribution the fluorescence decay rate of the inversion-site ions. This
acts as an index-of-refraction grating. Although the heat long-time decay rate is independent of the write-beam
generated under these experimental conditions can also crossing angle and power. Thus the long-time part of the
produce a change in the refractive index, thermal gratings nonexponential decay is associated with a population grat-
have different magnitudes and angular dependences of the ing established with inversion-site ions due to energy
decay rates than population gratings. Thus it is easily transfer from mirror-site ions. In order to obtain an accu-
possible to distinguish between contributions to the FWM rate decay rate for the mirror-site grating, the long-time
signal from the two types of gratings. The properties of decay curve is extrapolated to short times and subtracted
the FWM signal described in the following section show from the measured curve as shown in Fig. 3. Although
that the results reported here are associated with scatter- this procedure for separating the contributions to the sig-
ing from a population grating. No effects attributable to nal due to the two types of gratings is not strictly correct
a thermal grating were observed. For nondegenerate for the case of energy transfer, the contribution due to the
FWM a He-Ne laser was used for a "read beam." This inversion-site grating is always less than 5% of the total
was aligned so it is almost counterpropagating to one of
the write beams. It scatters from the index-of-refraction 40
grating and produces a FWM signal leaving the sample
almost counterpropagating to the other write beam. The
signal beam was detected by an Amperex 2254B pho-
tomultiplier tube. To measure the intensity of the scat- 97.
tered light, the read beam was modulated with a mechani- ,
cal chopper and an EG&G/PAR lock-in amplifier was " 30 0 0 0 0 0
used to enhance the signal-to-noise ratio. The decay rate 0
of the signal was measured by chopping the write beams
and storing the transient signal in an EG&G/PAR 4202
signal averager.

m. FWM STUDIES OF ENERGY TRANSFER 20. Q010 I015

The decay of a FWM signal associated with a transient sn2(0/2)
population grating is predicted to be a single exponential
with a decay rate given by5 FIG. 2. Grating decay rate vs write-beam c.osing angle forFWM in Cr ions in inversion sites in alexandrite at 30 K.

K =2r- + [32( r/X)2 sin 2(0/2)]D . (1) The solid point is twice the fluorescence decay rate.

.,
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FIG. 5. Grating decay rate vs write-beam laser power at 40
K for Cr + ions in mirror sites in alexandrite at 19=4.3".

0.01 2 4 6 8 10 12
t (msec) grating wave vector was parallel to the crystallographic b

FIG. 3. FWM signal intensity vs time for Cr3 ions in mirror axis. When similar measurements were made at low tern-

sites in alexandrite at 30 K. peratures with the beams aligned so that the grating wave

vector was parallel to the c axis, the observed variation of
K with 0 was much weaker.

signal and thus the error incurred by the use of this crude One interesting aspect of the data shown in Fig. 4 is
separation technique does not greatly affect the accuracy that the curves each extrapolate to values at 0=0' which
of the diffusion coefficient determined from these mea- are greater than the measured values of twice the fluores-
surements as discussed below. cence decay rates, 2/-r. Although these measurements

The values of the decay rates obtained in this way are were made at low laser powers in order to minimize ef-
shown plotted versus sin 2(0/2) in Fig. 4 for several tern- fects of local heating, the discrepancy in the 0=0" value
peratures. Above 150 K, no angular variation of K is ob- of K may be associated with the power dependence of the
served as reported previously." The data shown in Fig. 4 grating decay rate. Figure 5 shows the variation of K
were obtained with the laser beams aligned so that the with laser power at 40 K for a crossing angle of 4.3'. No

change was observed in the fluorescence lifetime as a

2500 function of laser excitation power. The increase in K with
laser power indicates the presence of power-dependent ef- I

fects that are not included in Eq. (1). Figure 6 shows the
variation of FWM scattering efficiency with the square of

0 the laser power in the write beams at 40 K for three cross- '
2000 ing angles. The observed linear dependences are con- %

sistent with the room-temperature results reported earlier4

0 and are consistent with theoretical predictions of laser in-

teraction with a two-level atomic system.
1The diffusion coefficient obtained from fitting Eq. (1)

500- to the slope of curves such as those shown in Fig. 4 is
0 plotted versus temperature in Fig. 7. The values obtained

for D are zero above 150 K and increase as T-"2 to
about 4.2x Xl0-' cm'sec-' at 6 K. From these values,
the diffusion length can be determined using the relation-
ship Ld =(2Dl')"/2 . The values obtained for Ld and D are
listed in Table I.

0.085 Q010 0.015

F G i c t (B. Interpretation of results
FIG. 4. Grating decay rate vs write-beam crossing angle for

F'WM in Cr" ions in mirror sites in alexandrite at several tern- To interpret the data presented above, we need to obtain
peratures for 50 mW total write-beam laser power. Circles, 6 K; a theoretical estimate for the magnitude of D including its

squares, 15 K; hexagon, 30'K; triangles, 60 K. The solid point directional dependence, a model for explaining the relative
represents twice the fluorescence decay rate. 'See text for ex- change of D with temperature, and a model for explaining
planation of theoretical curves.A the variation of D with laser power.
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FIG. 6. FWM signal intensity of Cr ions in mirror sites in
alexandrite as a function of the square of the laser power of the
write beams at 40 K.

temperature as r cc T- 1/2 in the temperature range of in-
terest, whereas the other scattering processes have a
variety of different temperature dependences.8 If the

' acoustic-phonon scattering time is much shorter than the
The diffusion coefficient for exciton migration can vary scattering time for other processes, Eq. 3 can be expand- 4.

with temperature due to various types of exciton-phonon se to give

interaction processes. For the temperature range of in-

terest here, phonon absorption to higher-energy levels Ts=Tph --h//'0, (4)
with stronger oscillator strengths is negligible2 3 and the
population of optical phonons at temperatures much less and Eq. (2) has the form
than the Debye temperature is very small. Exciton D=AT-t"2  B, (5)
scattering by acoustic phononss predicts a temperature
dependence of the type shown in Fig. 7. For this where A is a constant involving the exciton velocity and
long-mean-free-path model the diffusion coefficient can the matrix element for exciton-acoustic-phonon scatter-
be expressed ass  ing. B contains a ratio of the rates of exciton scattering

(v2 ) ,(2) by acoustic phonons and by all other centers. The tem-
6 -,perature dependence of B is unknown, but the solid line in

where (r,) is the mean scattering time and (v 2) is the Fig. 7 is consistent with Eq. (5), assuming B to be in-
mean-square group velocity of the excitons, The scatter- dependent of temperature. This gives an excellent fit be-
ing time can be separated into a contribution due to tween theoretical predictions and experimental results.
acoustic phonons and a contribution due to exciton The magnitude of the diffusion coefficient found from
scattering from all other sources such as surfaces, crystal these experiments at low temperature is much greater
defects, and optic phonons. than expected for exciton migration among randomly dis-

tributed Cr3
+ ions with the level of concentration present

'. =rph-+Ili' . (3) in our sample. It is difficult to derive a theoretical esti-
mate for D in the long-mean-free-path model since the

The exciton-acoustic-phonon scattering time varies with details of the shape of the exciton band are not known. :

However, a rough theoretical estimate can be obtained for
D by considering the rate of energy transfer between two

TABLE I. Energy-transfer parameters at 6 K for Cr + ions Cr3' ions. The mechanism of energy migration among
in mirror sites in alexandrite Cr3+ ions in ruby crystals has been identified as exchange

interaction.9" 0 In the simplest model for direct exchange,
N, -  8.9x 10'  the energy-transfer rate between two ions separated by a
7, (msec) 63.2 distance R is given by
r'. (msec) 2.4 giey
D (cmzse - ') 4.20x 10-'
D,,, (cm2sec-') 1.803X 10-' P(R )=(2irf1Z 2/ i )exp( -2R IL)
L, (cm) 4.5X 10-'

=Poexp(-2R/L), (6)
,,.X
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where Z depends on the spatial overlap of the electron portant to note that the fluorescence lifetimes measured
wave functions, L is the average Bohr radius of the wave with crossed-laser-beam excitation (identical conditions to
function, and the spectral overlap integral fl includes the grating decay measurements) are the same as those nea-
product of the normalized emission spectrum of the sensi- sured with standard single-beam excitation. Nonlinear
tizer ion E and the normalized absorption spectrum of the diffusion and relaxation processes which could lead to the
activator ion a.. For ruby, the value of P0 has been es- observed power dependence would also produce nonex-
timated to be12 4.3× 10" sec- '. For multistep energy mi- ponential decays in the fluorescence, which were not ob-
gration, the diffusion coefficient can be expressed in terms served. One way to explain these observations is to postu-
of the ion-ion interaction rate as'3  late the presence of exciton trapping at centers which have

a fluorescence properties similar to the mirror-site ions but
D = A 2RP(R )p(R )dR, (7) which have no difference in their complex refractive index

where the probability density of finding an ion at the dis- when they are in the excited state instead of the ground

tance R from the ion at the origin is given by'3  state. These would act as quenching centers for the grat-
ing but not the fluorescence, while enhanced trapping

p(R)=4rNR 2 exp( -4rN.,R 3/3). (8) through exciton-exciton or exciton-phonon processes
could provide the observed power dependence of the grat-

The diffusion coefficient then becomes ing decay rate. Finally, it should be pointed out that the

D = (2IrNP /3) f." R'expl - [(2RIL) simple expression given for K in Eq. (1) is strictly valid
only for a limited region of the relative strength of the ex-

+(4arN,,,R 3 /3)]IdR citon scattering rate compared to the ion-ion interaction
rate.' 6 For values of these parameters outside of the al- . ,
lowed region, the exact expression for the dependence of

The lower limit of the integral is taken to be a = 2.7 K on 0 deviates from a simple straight line at small values

which is the smallest distance between Cr3+ ions in mir- of 0 and can actually be made to fit the low-temperature

rcr sites. L is always close to 1 A and has been estimated data shown in Fig. 4 with the measured value for 2/- at
for ruby9 to be 0.97 A.. This value for L, along with 0=0*. The usefulness of such a fit is limited at the

N, = 8.9 x lO" cm - 3 for the concentration of mirror-site present time by the lack of knowledge of the microscopic

ions in our sample, can be used in Eq. (9) and the integral interaction parameters. This will be the subject for future

evaluated numerically to give 2.23 X10 -  cmM5. Using investigations.

this and the ruby value for Pq gives a value for the dif- A similar discrepancy between the grating decay rate at

fusion coefficient of .9x10 cm2fsecrP which is a fac- zero crossing angle and twice the fluorescence decay rate I,
tor of about 2.35 smaller than the diffusion coefficient oh- was observed in-FWM exeriments on ruby crystals with

tamined from analyzing the low-temperature FWM results. high Cr3 + concentrations and was attributed to the pres-

This represents excellent agreement between the magni- ence of exchange-oupled pairs of Cr + ions. No energy
tudes of D determined experimentally and theoretically, migration was observed by FWM measurements in heavi-
especially considering that Eq. (9) is strictly applicable for ly doped ruby. In alexandrite, the pairs are present even

hopping migration and thus underestimates D for at low Cr3+ concentrations due to the nonuniform distri-

long-mean-free-path migration. In addition, nonuniform bution effects. 2 It is not clear at the present time what

distributions of the Cr3+ ions can enhance the energy role these pairs play in the grating dynamics, but their ef-

transfer enough to account for differences in the experi- fects on the FWM results in concentrated ruby indicate

mental and theoretical values of D. The effective dif- that they may be responsible for the enhanced FWM sig-
fusion coefficient in heavily doped ruby has been reported nal decay and its power dependence observed in alexan- .-.,

to be 2 orders of magnitude greater than the value found drite at low temperatures.

here for alexandrite." Scaling for the difference in con-
centration brings these two results into agreement. IV. FWM MEASUREMENT OF DEPHASING TIME

The fact that the diffusion coefficient for energy migra-
tion in the c direction is about an order of magnitude The standard theoretical formalism used to interpret
smaller than for migration in the b direction may be attri- FWM signals is based on the interaction of three laser
buted to the anisotropy of the ion-ion interaction, or it beams with a two-level atomic system.'1 -

" Although
may be associated with a nonuniform spatial distribution there have been some attempts to extend the theory to ac-
of Cr3+ ions since chromium-ion banding in c planes is count for the presence of additional levels of the atomic
known to be present in alexandrite crystals. system, the results become extremely complicated and no

The magnitude of the grating decay rate and its in- model has been developed that is generally useful in the .
crease with laser power at low temperatures are more dif- interpretation of experimental data. For the FWM experi-
ficult to understand. The facts that the fluorescence de- ments on alexandrite described here, the laser write beams
cay rate is independent of power while the values of K at interact directly with the 4A2g-T g transition of the Cr3 +

0=0" are greater than 2/-r at low temperatures where dif- ions. Fast radiationless relaxation occurs to the 2Eg meta-
fusion is taking place but equal to 2/- at high tempera- stable state. The laser-induced population grating will be
tures, indicate that at high laser power there is an- addi- made up of ions in both the unrelaxed 'T 2, level and the
tional process that contributes to the decay of the grating 2E. metastable state. In general, it is difficult to separate
without shortening the metastable-state lifetime. It is im- the contributions to the FWM signal due to the two types

,,(" ,€ ,,e. +" ' m, I"< € " "€ e ," ' + + -"
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of population gratings. Most of the FWM characteristics good approximation for this case. It should also be point-
will be associated with the metastable state due to its ed out that recent accumulated photon-echo experiments
greater population. However, the dephasing of an atomic on Nd 3+ ions in glass have also used this type of two-level
system driven by coherent laser beams in generally associ- model to determine the radiationless relaxation time of a
ated with the unrelaxed excited state of the atomic transi- multilevel atomic system.2"
tion in resonance with the laser frequency. Thus, in the The exact dependence of the FWM signal efficiency
alexandrite experiments described here, the dephasing with the crossing angle of the write beams varies with the
time T2 of the FWM signal should be attributed to pho- relative contributions to the laser-induced grating from
non scattering and relaxation processes occurring in the the modulation of the absorption and dispersion com-
T2. level. We describe below an analysis of the FWM ponents of the complex refractive index, Aa and An,

scattering-efficiency data obtained on alexandrite, which respectively. The dephasing time of the atomic system
results in the determination of the dephasing time of the depends on the ratio of these modulation depths. Thus,
4 T2. level. The normal two-level system model for FWM analyzing the angular dependence of the FWM signal effi-
is used in this analysis since no appropriate multilevel ciency provides a method for determining T2.
model is available. Thus the results should be taken as a
qualitative demonstration of the analysis technique, and
tae quantitative values should be considered as only ap- A. Computer modeling of 1(0)
proximations to the physical quantities. The comparison
of the results of our analysis with values of the same pa- Using the master-equation approach, the polarization
rameters obtained by other experimental methods dis- of a two-level system in resonance with a laser driving
cussed below shows that the two-level model provides a field can be derived to be 7-19

P=(g 2 AN° T2E/A)I [sin(cot)+(o 21 -o)T2 cos(ot)][ 1 +(cO- 21 )2 T2 +4f2T2r1]-  +gEcos(ot) . (10)

The first term represents the contribution due to the Ei(r,t)=(Ai/2)exp[-i(oit-k.r)]+c.c.
atomic transition near resonance with the laser frequency, i=1-4 (13)
while the second term (g) represents the combined effects
of all other transitions in the sample." Here, 9 is the di-
pole moment of the transition, AN 0 is the average equili-
brium density of the population difference between the For degenerate FWM, all co, are equal, all I ki I = k, and,
ground and excited states, r- is the fluorescence decay time to satisfy the Bragg scattering condition, Z k =0. If E,
of the excited state, E is the electric field of the laser and E2 represent the write beams, the read beam E3 is
beams in the crystal, c is the angular frequency of the counterpropagating to El and the signal beam E4 is coun-
laser, co21 is the resonant frequency of the atomic transi- terpropagating to E2. To simplify the mathematical ex-
tion, and L=ffE/(2A) is the precession frequency of the pressions, degenerate FWM is assumed. This will thus be
dipole moment. The polarization can be used to obtain only an approximation of our experimental condition in
the complex susceptibility which the read beam had a different frequency than the

write beams. Rough calculations using the exact read-
beam frequency indicate that negligible error is introduced

X=(20'ANT2/A)[T2((o021-)-i] by this simplification as long as the read beam is weak

X[l+(¢aoi)'T +4fl2T~r-22 1. enough that it does not affect the population grating. In
addition, we make several assumptions relevant to our ex-

(11) perimental conditions. The write beams are assumed to be
more intense than the read and signal beams, the signal
beam is assumed to be weaker than the read beam, and it

The information concerning the physical characteristics is assumed that the weak beams have no beam depletion.
of the system pertaining to absorption, dispersion, FWM, Substituting the polarization and field expressions into the
and saturation are contained in X. wave equation, using the "slowly varying envelope ap-

In cgs units, the wave equation describing the propaga- proximation," and equating like k-vector exponentials, a
tion of the laser beams in the atomic system is set of coupled, complex, differential equations are ob-

tamined. The scattering efficiency is defined as
[1=I A 4 I '/ I A 3 12, where the A, represent the amplitudes

p(12) of the beams. It is common practice to work with the
at, normalized scattering efficiency, which depends only on

• . A 4. In this case we need to consider only the coupled
equations for A 2 and A 4 , which can be separated into real

The electric fields of the laser beams can be described as and imaginary parts. Their variation with the write-beam
plane waves, crossing angle in the crystal 0 is given by

. -1 - . - - - - --
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dA 12r2k)SC02J2 (14)

- r(A, "D -A2D '-AD- ';1 )k1 csc(B/2)-(D A -D '2A )(k /k1 )csc(/2)J/21dO 1[A D - D -A 2 -- 2D224 2 4

dA2 = _A2DI -A2Dd + A2D'-A'D'2)k csc(/2)-(DA'+D'A4)(k 2 /k)csc(e/2)]/2, (15)

-d-[(A 2O- D ± 2 2 D2 .4 24

dAJ (16

dO -- - A; 1 + A D 2 +A 4 D 2 )k csc( +/2)+(D 2 -D12 A  2)(k /k3)csc(0/2)]/2, (16)

dA4 = +A,.I-AIF I+A '2)k3csc(e/2)+(D2AL+D2A)(k 2/k3)csc(e/2)]/2 (17)dO 2,

where the superscripts r and i refer to real and imaginary, terial at the write-beam wavelength, w. Thus as An or Aa
respectively, and the coupling coefficients are increases, the peak of the curve shifts to higher angles,

and an increase in a increases 71 at larger angles.
Di D'+iD I=2irizR(K-g), (18) To obtain an approximate expression for 71(0), Eqs.

D 2=D'+iD'= r R AK . (19) (12)-(14) can be linearized by making the substitution
2 i t=21n[tan(/4)]. Then the secular equation can be

Here, R is the distance from the center of the overlap re- solved to obtain solutions for different special cases. For
gion of the beams, ju is the permeability of the material, x example, if
is a complex parameter related to the complex index of re-
fraction, and AK is the laser-induced modulation in this

parameter. The latter parameters are given by17-
1
9  and

K =ao(i + 8)( l +5 2)( 1 + 8 2 + I E/Es 12) -
2 , (20) r [

12'=21 E/E 1 12[ao(i +8)](1 +82+ 1E/E 2)-2 , (21) j(D2 )2 (D )2 (D +D' )2 V/
2

where the detuning parameter is 8= (a - 1 2 )T 2 , a o is the the solution is

peak absorption c-iefficient, and E, is the saturation field.

The detuning parameter which accounts for the width of
the resonant electronic transition contains the frequency (a)

dependence of the results. For laser fields much smaller
than the saturation field, x=X+g and Ax* =AX.

It is not possible to obtain a general analytic solution
for -q which has a simple enough form to be useful in fit-
ting experimental data.7 In order to understand the varia-
tion of scattering efficiency with write-beam crossing an-
gle, it is necessary to either make several simplifying as-
sumptions or to resort to numerical solutions. We com- (b)
pare here the results of both approaches.

Equations (14)-(16) can be solved numerically using a .
fourth-order Runge-Kutta method. Treating the real and
imaginary parts of both coupling parameters as adjustable

parameters, curves with various shapes can be obtained.
Three examples are shown in Fig. 8. Although each of
these show the FWM scattering efficiency rising sharply
to a peak value and then decreasing at larger angles, the
exact position of the peak and the rate of decrease with (C)
crossing angle vary greatly with choice of coupling pa-
rameters. The peak shifts to higher angles and the curve
shape becomes broader as D2 or D 2 are increased,
whereas increases in D' or D' have the effect of raising
the scattering efficiency at larger angles. The values of
the components of the coupling parameters are related to 3 18
the laser-induced modulations of the absorption and e(deg)
dispersion parts of the refractive index by

FIG. 8. Computer-generated plots of the FWM scattering ef-
ficiency vs the write-beam crossing angle for different values of

the coupling parameters. (a) Dr =0.005, D =0.100,
An=(27r/n)Re(X)=(ac/o))D'2/D 1 (j 3) D2=0.125, and D=0.00002. (b) DI=0.006, D1=0.025,

D,=0.090, and D.=0.00002. (c) D =0.005, D'1=0.075,
where at is the average absorption coefficient of the ma- D' =0. 188, and D [ =0. 000 096.

rP .

% %%.
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1()=2[(C )2 +(D )2 I(D2) 2 +(D )2 -(D +D )2 ]- sin2 lk[(D') 2+(D) 2 -(D' +D') 2 n(tan(0/4)] . (24)

For the appropriate choices of the coupling parameters, FWM scattering efficiency versus write-beam crossing an-
Eq. (24) gives curves similar to those shown in Fig. 8. gle for Cr1+ ions in both types of crystal-field sites in
Other special cases will have significantly different forms alexandrite and in ruby. The solid lines represent the best
for the solution of the coupled differential equations, but fits to the data using the numerical-solution technique and
they predict the same general dependence of i? on 0. a nonlinear-regression least-squares-fitting routine, with

The advantage of the analytic solution is that it pro- the real and imaginary components of the coupling coeffi-
vides some insight into the origin of the angular depen- cients treated as adjustable parameters. The results were
dence of the FWM scattering efficiency. The factor con- found to be independent of temperature between 30 and
taining 0 in the expression shown in Eq. (24) is related to 300 K. The fitting parameters were substituted into Eqs.
the interaction length of the read beam with the grating, (22) and (23) to obtain values for the laser-induced modu-
and the additional parameters in the argument of sine lation depths due to changes in absorption and dispersion.
function describe the density of the grating fringes and The values obtained from this procedure are listed in
the grating modulation depth. Evidently, it is the varia- Table II.
ti3n of these parameters that determines the shape of the Once these parameters are known, Eq. (21) can be
curves of 71(0). The disadvantages of the analytic solution solved for the dephasing time of the atomic system,
are that it is difficult to justify the assumptions necessary
to define a specific case, and it is not possible to indepen- T2 = (2w/c)(An/Aa)(o-o 1 2)- . (25)
dently determine values for An and Aa. Both of these The values of T 2 obtained for ruby and alexandrite are
disadvantages are overcome by using the numerical given in Table II.
method of solution. For the two materials investigated here, the theoretical

B. Interpretation of results fitting of the angular dependence of the FWM scattering

efficiency is very sensitive to changes in D2 but very in-
The numerical method for solving Eqs. (14)-(17) was sensitive to changes in D'2 , since the magnitude of the

applied to experimental data obtained on alexandrite and latter parameter is very small. This results in an accurate
ruby crystals. Figure 9 shows the measured values of determination of An but not Aa. Previous approaches to

calculating these components of the modulation depths
provide an accurate method for determining Aa but not
An. 19. 22 The calculation of Aa based on a two-level sys-

ALEXANDRITE tem gives4 19
INVERSION

SITES Aa=N0 Ioa 1 ( 2 -o 1 )(2oca,+hv v/r)-' , (26)

where N o is the concentration of active ions, I is the en.
ergy density of the write beams with photon energy hv,
and o and o2 are the ground- and excited-state absorp-
tion cross sections, respectively. Since excited-state ab-

sorption measurements have been made for both rub y 23

ALEXANRITE and alexandrite,2 4  is possible to obtain an accurate valuea MIRRORits

SITES of Aa using Eq. (26). The error bars listed in Table II are
associated with estimates of the parameters used in Eq.
(26) as well as with the curve-fitting procedure used to

-determine the coupling parameters.

C-

gTABLE 11. FWM measurements of dephasing times in alex-
andrite and ruby at room temperature.

Alexandrite
Parameter Inversion sites Mirror sites Ruby

a (cm ) 0.36 1.05 1.37
3 9 51 (

W / C m 2
) 60 50 60e (deg) 77 10-4 W0-4 I0-4

Aa (cnf') . lx 10X 103 l.90x 10-1 1.06x 10-1FIG. 9. FWM signal efficiency vs the write-beam crossing &a -  
. 2.52X 10-5 1.93x 10-' 8. 16x 10-1

angle at 300 K for Cr 3 ' ions in the mirror sites and inversion T2 2 - 0 -

sites in alexandrite and in ruby. (See text for explanation of T2 (psec) 80±5 2.2±4 4.5±2

theoretical lines.) AE (cm-) 6400 800 2300



5838 SUCHOCKI, GILLILAND, AND POWELL 35

The transverse relaxation time T 2 is related to the life- sensitivity of the 4T g level to the local crystal field. Since
time of the excited level T, and the pure dephasing rate these lines appear on the side of the broad vibronic band,
due to scattering events y by it is difficult to accurately deconvolute the homogeneous

and inhomogeneous contributions to the line shape.
T•=(2T1 Y'+y. (27) These results imply that the 2TI, levels lying between

if the fast radiationless relaxation from the 4rZ r p the 4T2. and E2. levels do not play a significant role in
band" to the 2E. metastable state is the dominant process the pump-band-to-metastable-state relaxation process.
for dephasing the atomic system, the values determined This is consistent with previous theoretical predictions. 2"

for T2 represent twice the relaxation times associated
with this process. The value of 2.25 psec obtained in this V. DISCUSSION AND CONCLUSIONS
way for T, in ruby is consistent with the upper limit of 7pec found from pulse-probe measurements to be the The observation of long-range energy migration among

T- 2Eu relaxation rate. The longer dephasing time the mirror-site Cr3 + ions in alexandrite at low tempera-found oreaxatnt ions which have a tures is a surprising result. Attempts to observe energy
fon or alexandrite inversion-site inwhchaea migration in ruby using FWM techniaques have been re-

'T2,- 2E. energy difference almost 3 times greater than in peatd invrl t sig suc es ha9 e bsered
ruby, and the smaller dephasing time obtained for eeated several times without sucss.6 'i s 29 The Observed
mirror-site ions in alexandrite which have a smaller a ergy-transfer characteristics are consistent with having
energy-level difference between the pump band and meta- ahigher concentration of Cr3  m ions than predicted by as-
stable state, establish the existence of a relationship be- suming a uniform distribution of mirror-site ions. An in-
tween the values of T2 and the energy-level splitting of crease by about a factor of 2.35 in the local density of

the excited states. This is shown explicitly in Fig. 10 Cr3 ions over the average concentration will account for

The observed dependence of T 2 on AE is expected if the the observed characteristics. This is not unreasonable be-
radiationless transitions between the 4T2. and 2E. levels cause of the chromium-ion banding that occurs in planes
rdiationble trtion s of the sperpendicular to the direction of crystal growth in alexan-are responsible for the dephasing of the system. Measure- drite.15 Also, it should be emphasized that the simple ex-
ments made on alexandrite at 30 K gave the same value change model used in Sec. III to analyze the FWM resultsfor T2 as found at 300 K, indicating that strongly tern- underestimates the strength of the ion-ion interaction

perature dependent phonon scattering processes are not usi the trnfer. the soneroxchntermo
imporant.causing the energy transfer. The superexchange model

important. used to explain transfer in ruby provides an interaction
From the preceding discussion, it appears that the

4 T 2 2E, relaxation process does dominate the dephasing mechanism that is stronger and more directional than9T 2grlxto rcs osdmnt h ehsn direct-exchange inteaction.9, t  Developing a superex-
for the FWM experiments on ruby and alexandrite. This4  change model for ion-ion interaction in alexandrite is andecay process causes "lifetime broadening" of the *TZ9 important problem for future theoretical work.
level. The zero-phonon lines of the lowest-lying crystal- imporat poblemyfoftred tonre wor.
field state of this level for ruby and the mirror-site ions in The lack of any observed long-range energy transfer
alexandrite have been observed 3,2 6 at low temperatures to among the inversion-site Cr + ions is consistent with the
have linewidths of the order of 25 cm - 1, which is signifi- lower concentration of these ions compared to the

cantly greater than the predicted contributions to the mirror-site ions. The evidence of enhanced energy

linewidth of a few wave numbers obtained from the mea- transfer from mirror-site to inversion-site ions at low tem-

sured values of T 2. This is due to the fact that these lines perature is consistent with the results of time-resolved,
exhibit significant inhomogeneous broadening due to the site-selection spectroscopy measurements reported previ-Ously. 2 The temperature range in which nonexponential

grating decays are observed is the same as the temperature
range in which site-selection spectroscopy results show

1O0: .enhanced energy transfer to occur. The rate of diffusion-
controlled energy transfer is given by

50'
W,. =4rDR1N, , (28)

where Ri and N are the exciton-trapping radius and con-
10 centration of inversion-site ions. Using the nearest-
0:T neighbor distance between an inversion- and mirror-site

ion for R, and the diffusion coefficient found from FWM
5 measurements, the transfer rate at 6 K is estimated to be

of the order of 3X 105 sec - 1. This value is consistent with ,4

the energy-transfer rate at 10 K determined by the site- ,%
selection spectroscopy measurements reported in Ref. 2 if

___the average separation between a mirror-site and
1000 300 "c 0 7000 inversion-site ion is about 12 A. It is difficult to deter-

AE (Cnm1)  mine an accurate value for the average separation between

FIG. 10. Variation of dephasing time obtained from analysis mirror-site and inversion-site ions due to the nonuniform
of FWM measurements with the energy-level splitting of the distribution of Cr3+ ions discussed previously. However,
'T2g and 2E, levels for Cr3  ions in alexandrite and ruby. there appears to be both quantitative and qualitative

% %,
2. F %
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agreement in the results on energy transfer between relaxation process can be divided into several steps, in-
mirror- and inversion-site ions obtained by the two dif- cluding relaxation to the bottom of the vibronic potential
feret types of experimental techniques. well of the 'T2, level, crossover to an excited vibrational

The investigation of the FWM scattering efficiency on level of the 'E. level, and relaxation to the bottom of the
the crossing angle of the write beams described here is im- 2E. level. The measured dephasing time may be associat-
portant for two reasons. First, it demonstrates a method ed with one specific step in this overall process and the to-
for determining the contributions to the laser-induced tal relaxation time may be longer. However, the data in-
refractive-index gratings due to absorption changes and to dicate a close relationship between these two times, espe-
dispersion changes. It is difficult to determine the relative cially in terms of the energy-gap dependence shown in
contributions from these two types of gratings using other Fig. 10 and the fact that the magnitudes of the relaxation
techniques. Second, it provides a measurement of the de- times determined from the measured T2's compare favor-
phasing time of an atomic system driven by laser sources. ably with those determined from other measurements.
Other coherent transient techniques for obtaining T 2 , The lack of any observed temperature variation of T 2 in
such as photon-echo measurements, have generally been the range investigated is consistent with the temperature
used only for probing metastable states such as the 2ES  dependence expected for phonon-emission processes in-
level of ruby" where the dephasing time is much longer. volving large energy gaps of the size relevant to these
TLe accumulated photon-echo technique recently applied data. Establishing the exact relationship between T 2 and
to rare-earth-doped glasses2" has provided the same type the relaxation time requires additional work with direct
of information on T 2 of nonmetastable states as our ex- picosecond pulse-probe measurements which will be the
perimental technique, and comparing the results of these subject of future work.
two types of experiments on the same sample will be the
subject of future research. Determination of T 2 through
linewidth measurements is complicated by inhomogeneous
broadening. ACKNOWLEDGMENTS
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Ion exchange techniques were used to substitute Cr
3

* and R5 ions for the sodium ions present in sodium-beta"-alumina
single crystals. The optical absorption and fluorescence spectra were obtained and the fluorescence lifeumes measured for
both types of samples. In each case the emission consisted of two bands having significantly different decay times. The
temperature dependences of the fluorescence intensities and lifetimes were measured for these bands. The results are
interpreted in terms of the energy level structures of these ions in different crystal field sites in this host lattice and the
diffusion of ions in the conduction plane which changes these sites.

1. Introduction known to be good luminescent ions in other
crystals 16].

The beta "-aluminas are important solid electro- The conduction planes of Na-ft"-alumina con-
lytes because of their high ionic conductivity [1,2]. tain Na ions and oxygen ions which act as a
Recently it has been shown that single crystals of bridge between two spinel blocks (1-5]. There are
this material can be used as a host for various two types of Na+ sites in the plane. One is a site
luminescent impurity ions [3,4] and a Nd 3 -ex- which is normally vacant called the mid-oxygen
changed sample has been operated as a laser [51. site since it is located between two bridging 02-
The main interest in 8 "-alumina crystals as a ions. The nearest neighbor oxygen ions provide
laser host material is associated with the ability to octahedral coordination and bipyramidal symme-
diffuse high concentrations of active ions into the try for this site. The second type of site normally
open planes of the crystal. It is speculated that the occupied by Na ions is tetrahedrally coordinated
spacings between the sites in the conduction plane with the 0 ions on either side of the conduction
will allow only weak interactions between the ac- plane and has Td symmetry. Either of these types
tive ions. This would result in the presence of high of sites may be occupied by exchanged transition
densities of active ions without strong concentra- metal ions. The distribution of sodium ions and
tion quenching, a condition which is necessary for vacancies around either of these sites will change
efficient luminescent materials. We report here the the crystal field seen by an impurity ion occupying "
optical spectroscopic properties of sodium-beta"- the site. The ions in the conduction planes are "
alumina with Cr 3  or Rh2' ion exchange. Both are mobile, and the results reported here demonstrate K,.

the usefulness of transition metal ious as fluores-
cence probes for studying ionic rearrangements in

* Present address: Electronics Materials Division, Union the conduction plane of Na-i "-alumina.
Carbide Corp., 823 River St., Washougal, WA 02726, U.S.A. The samples used were single crystals of

0022-2313/87/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Na.6 7Mg 0 .67 -A5 .330 17 in the form of platelets a
few millimeters square and about a millimeter C ,..3
thick. The unexchanged material had excellent
optical quality and the absorption spectra showed r
no trace of optically active impurity ions. Ion a

exchange was accomplished by the standard tech- -
nique of suspending the crystal by a wire in a
crucible above a melt containing the ion desired
for exchange (CrC13) or RhC]2) [7]. The crucible
was heated to 700*C for 12 h. For both Cr 3* and
Rh2  the crystals colored deeply indicating a high
percentage of ion exchange had taken place. Coin- 300 460 700 00o 860

plete exchange would result in a concentration of x(nm)
active ions of the order of 1.5 x 1021 cm - 3 . These
conditions have been shown previously to produce Fig. 1. Room temperature absorption spectra of Cr " and

90% exchange, and X-ray diffraction has shown Rh2" ions in Na-f"-alumina crystals.

that the exchanged crystals retain the /8"-alumina
crystal structure [7]. However, the exchanged are shown in fig. 1. The Cr 3 -exchanged crystal
crystals had very poor optical quality and it was exhibits a broad bane, with three peaks centered
difficult to obtain a good surface polish because near 680 nm. This is associated with the transi-
flaking occurred. This may be due to the strain tions to the crystal field split components of the
induced in the lattice by the size differences and
charge mismatch of the exchanged ions.

The absorption spectra were obtained on a
Perkin-Elmer spectrophotometer. Fluorescence
spectra and lifetime measurements were per- tx2
formed using a nitrogen laser to provide an excita-
tion pulse 10 ns in duration and 0.1 nm in width
at 337.1 nm focused to an energy density of 102
mJ/cm. Additional lifetime measurements were
made using a Nd-YAG laser doubled to 532 nm
to excite the sample with pulses 30 ps in duration "
and with energy densities of 10' mJ/cm2 . The
samples were mounted in a cryogenic refrigerator

to control the temperature between 10 and 300 K. "
The fluorescence was analyzed by a one meter
monochromator, detected by an RCA C31034
photomultiplier tube, processed by an EGG-PAR
boxcar integrator, and displayed on strip chart
recorder. The boxcar window was either set to
obtain the emission spectrum at a specific time -

after the excitation pulse or scanned to obtain the 750 850 950
fluorescence lifetime. Cnm) 1'

Fig. 2. Fluorescence spectra of Cr3t in Na-g"-alumina crystals.
2. Experimental results Top: T - 300 K: solid line for 1 ps after the excitation pulse:

broken line for 200 ss after the excitation pulse. Bottom:
The room temperature absorption spectra for T - 10 K: solid line for 20 ps after the excitation pulse: broken

Cr 3  and Rh2 + ions in Na-f"-alumina crystals line for 1 ms after the excitation pulse.

~* 3a . ~ SIU UJ~ -~-' I ~ ~'5. %*~...
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4T, level which is generally the dominant absorp- whose relative intensities evolve with time. For
tion transition for Cr 3  in this spectral region. Cr3+, the band at 700 nm is due to emission from
The band edge for this sample occurs near 350 nim the 2 E level of the 3d3 electronic configuration
with a broad tail extending to near 500 nm. This which appears at approximately the same position
latter feature is attributed to transitions to the 4T in all hosts. The width of this band in Na-p"-
level. The Rh2 -doped crystals have an absorption alumina can be attributed to inhomogeneous
edge shifted to lower energy with a shoulder at braodening due to the significant amount of strain
about 420 nm and no absorption bands in the rest in the lattice. The lower energy emission near 820
of the visible spectral region. This is consistent nm comes from the Stokes shifted 4T2 level and is
with the spectra of other Rh2-doped samples 16]. broadened by vibronic interactions as well as in-
The low oscillator strength d-d transitions are homogeneous broadening. The Rh2  fluorescence
difficult to detect in absorption and the band edge consists of two broad, overlapping bands with
features are associated with strong charge transfer structure. The main peaks appear at about 600
transitions. and 700 nm. These are assigned to emission transi-

The fluorescence spectra at two times after the tions from the lowest energy 4T2 and 2 E levels of
nitrogen laser excitation pulse at both 300 K and the 4d'electronic configuration, respectively.
10 K are shown in figs. 2 and 3 for the two types Figure 4 shows the results obtained from the
of doped crystals. The spectra of both samples measurements of the fluorescence lifetimes as a
consists of broad, double peaked emission bands function of temperature with nitrogen laser excita-

200-

- - - - -- -- -- -- -- -

150-

NE

100 4

0
2

(100 (0 3

00 0 700 So 10TK

Fig. 4. Temperature dependences of the fluorescence lifetimes
Fig. 3. Fluorescence spectra of Rh

2  
in Na-f"-aumina of Cr

3  
and h

2 
emission bands in Na-p"-alumina crystals.

crystals. Top: T-10 K; broken line for 25 ps after the The open circles are for the 600 mn band of Rbh- and the
excitation pulse: solid line for 1 ms after the excitation pulse. filled circles are for the 700 nm band of ELY .. 

The open
Bottom: T- 300 K: broken line for 25 s after the excitation squares are for the 700 nm band of Cr

3  
and the filled squares

pulse: solid line for 700 Ris after the excitation pulse, are for the 820 nr band of Cr 
3
-.

Ps!
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tion. The 700 nm band of Cr s " has a 2.3 ms of temperature in fig. 5 for the two samples. These
lifetime at 10 K which decreases slightly to 1.2 ms are measured from the spectra taken at a long
at 300 K. The 820 nm band in this sample has a time after the excitation pulse when an equi-
lifetime of about 54 lss independent of tempera- librium condition has been reached. For both
ture. The 700 nm band in the Rh -doped sample samples, these ratios increase with temperature up
has a lifetime of about 8 ms independent of tem- to about 250 K and then decrease at room temper-
perature, whereas the 600 nm band in this sample ature.
decreases from 192 ps at 10 K to 48 jss at 300 K.
The magnitudes of these lifetimes are consistent
with the transition assignments discussed in the 3. Discussion and conclusions
previous paragraph. The long lifetimes involve
spin forbidden transitions while the short lifetimes In general, there are three types of physical
involve spin allowed transitions. processes which can be responsible for the type of

The fluorescence lifetimes of the Cr 3+-doped spectral dynamics described in the preceding sec-
sample were also measured at room temperature tion. In some hosts, an optically active ion in a
after high power excitation with the frequency- specific crystal field site can give fluorescence
doubled Nd-YAG laser. This 532 nm excitation emission from two different excited states, and
directly pumps the d-d transitions in the visible radiationless transitions coupling the two states
region of the spectrum. Under these conditions can lead to a time evolution of the relative fluores-
the 820 nm band still exhibits a 54 ts lifetime, but cence intensities as well as a temperature depen-
it has a 26 ls risetime. However, 700 nm emission dence of the intensities and fluorescence lifetimes.
shows a strongly quenched lifetime of 4.5 ls. If this were the case for Cr 3 + -exchanged Na-fl"-

The ratios of the integrated fluorescence in- alumina, the intensity of the 4T2 emission would
tensities of the two bands are shown as a function increase compared to the 2E fluorescence as tem-

1.4 -28

0
1.2 .24

.: too201.0., .2

A .~ 0-16

0.6 012

0.40

T(K)

Fig. 5. Temperature dependence of the ratios of the integrated fluorescence intensities of the emission bands in Cr 3 - and
R.h2 -doped Na-$"-alurmina crystals at long times after the excitation pulse. Circles represent the ratios of the 700 nm band to the

820 nm band of Cr 3 and the squares represent the ratios of the 700 nm band to the 600 nm band of Rh2 .
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perature increases. This is opposite to the ob- the relative fluorescence intensities of ions in two
served behavior. A similar argument can be made types of sites is given by
to rule out this model as an explanation for the 12/11 -A + B exp(- A E/kT). (1)
Rh data.

The second possibility is that the exchanged The observed band intensities are equal to the
ions occupy two distinctly different types of crystal products of the concentrations of occupied sites
field sites in this lattice in which one site favors giving rise to each type of emission and the radia-
emission from the 2 E level while the other site tive decay rates. The constant A represents the
favors fluorescence from the 4T2 level. The spec- low-temperature equilibrium condition for site oc-
tral dynamics are then associated with energy cupancy, which favors the lowest energy crystal
transfer between ions in these nonequivalent types field site (type 1 site). As the temperature is in-
of sites. This model can be ruled out for the creased, ions in the conduction plane become mo-
Cr 3 -exchanged sample because the ions in the bile and hop to new lattice positions (type 2 sites)
site transferring the energy should exhibit a over a potential barrier with an activation energy
simultaneous decrease in their fluorescence inten- AE. In order to explain the observed temperature
sity and lifetime as temperature is raised. Instead dependence, the type 2 higher energy crystal field
the 4T, band shows an intensity decrease with sites must have a greater probability of occupancy
constant lifetime while the 2 E emission band has a at high temperature leading to an increase in the
temperature-dependent decrease in the lifetime, relative emission from the band associated with
The same argument can not be made for the ions in these sites as temperature is raised. The
Rh2 -exchanged sample since the 4T2 band ex- constant B represents the ratio of probabilities of
hibits a decrease in both fluorescence intensity occupying the two types of sites after factoring out
and lifetime as temperature is raised. However, it the temperature dependent factor. This includes a
seems reasonable that the same types of processes diffusion coefficient describing the migration of
should be responsible for the spectral dynamics ions through the lattice and a factor to account for
for both types of ions in this material, and thus we the trapping of the ions in a specific type of site.
must consider a different model for both sets of The fluorescence lifetime will not be quenched
data. simply by the diffusion of ions with Cr 3 + in the

The third possibility is that the active ions ground state. To account for the observed temper-
occupy two different types of crystal field sites, ature dependences of the lifetimes it is necessary
each having preferential emission from one of the to assume that there are additional ion-lattice or
two metastable states, and the high rate of diffu- ion-ion interaction mechanisms which change the
sion of ions in the conduction plane changes the radiative or radiationless emission rates and have
relative occupancy of the different types of sites. a temperature-dependent probability of occur-
Although this is an unusual model for interpreting rence. The lifetimes can be described by the ex-
spectral data of the type reported here, it is ap- pression
propriate for host crystals which are "superionic
conductors" such as Na-ft"-alumina. The lattice T" ' 7ir 1 + C exp(-AE'/kT). (2)

sites in the conduction plane contain Na+, sodium Here ,, is the intrinsic lifetime of the ith level
ion vacancies, active ions substituted for Na', and and C is the rate of the quenching process with
bridging 0 ions. The spectral properties of the the temperature-dependent exponential factored ,
active ions are determined primarily by the crystal out.
field established by their near neighbor environ- This model appears to explain the results ob-
ment. Thermally activated ionic conductivity can tained in this investigation. First consider the re-
cause the ions on the Na' sublattice to hop to suilts obtained on Cr 3  in Na-ft "-alumina. For
new sites, thus changing the active ion environ- type I sites, the crystal field is low enough that the
ment. Stokes shift of the 4T2 level causes it to drop

In this model the temperature dependence of below the 2 E level and become the dominant level
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for fluorescence emission. For type 2 sites the level or to ionic diffusion. Two possible processes
crystal field is greater so the relaxed 4T2 level is for the quenching are radiationless decay to the
higher in energy than the 2E level causing the ground state and ion-ion interaction in which a
latter to be the dominant fluorescence level. The Cr 3 ion in a type 2 site decays by radiationlessly
parameters used to fit eq. (1) to the data as shown transferring its energy to a neighboring Cr" ion.
by the solid line in fig. 5 are listed in table 1. The The observation that pumping at 532 rim at room
relevance of the magnitude for the activation en- temperature with power densities of 10" mJ/cma
ergy is discussed later. The exact interpretation of causes the 2E lifetime to be quenched from 1.2 ms
the constants A and B is not possible because to 4;5 Is with no it~i-me or double e"ponentiai
they depend on parameters such as the trapping decay suggests that ion-ion interaction is taking
rates and quantum efficiencies for each type of place. The fact that 4T2 lifetime remains un-
site. Although these parameters are not known, changed but the fluorescence exhibits a risetime of
the values of A and B can be useful in comparing 26 Rss under these pumping conditions indicates
the two sets of data. The decrease in the observed that at least part of the interaction is energy
intensity ratios between 250 K and room tempera- transfer from ions in type 2 sites to ions in type 1
ture may be due either to an increase in the sites.
radiationless decay rates of the Cr ions or to the Next consider the data obtained on Rh2'-ex-
occupancy of a third type of site in which the changed Na-a "-alumina. The broad, overlapping
Cr'- ions do not have a fluorescence transition in fluorescence bands indicate that the crystal fields
this spectral region. at the Rh'+ ions in both types of sites is in the

The constant fluorescence decay time observed low-field region and slightly greater than the point
for the 820 nm emission band indicates that the where the decreasing 1E level crosses the increas-
radiative and nonradiative decay rates of the 'T, ing "T2 level in the 4d" electron configuration in
level of ions in type 1 sites are both independent octahederal symmetry. Emission occurs from both
of temperature in the range investigated. The tem- levels with large Stokes shifts due to strong inter-
perature dependence of the lifetime of the 700 nm actions with the lattice. In the lower crystal field
emission band indicates a change in the 1E decay type I sites the " T2 level is low enough to give
rate of ions in type 2 sites. The parameters used to fluorescence emission near 600 rum. In the higher
fit eq. (2) to the data as shown by the solid line in crystal field type 2 sites the "T2 is shifted to higher
fig. 4 are listed in table 1. The activation energy energy and relaxes radiationlessly to the E level
for the lifetime quenching is significantly greater which fluoresces near 700 nm. An alternate possi-
than that obtained from the intensity data, and bility is that the Rh' ions occupy sites with
the rate parameter C is significantly smaller than tetrahedral symmetry. However, in this case the
the "T, emission rate. Thus the origin of the emission from the 2E level would have a narrower
lifetime quenching of the 'E level does not appear linewidth similar to the 700 nm band of Cr 3 .

to be due either to phonon absorption to the "T, The parameters used in eqs. (1) and (2) to fit
the temperature-dependent intensity and lifetime
data as shown by the solid lines in figs. 4 and 5

Tablet are listed in table 1. The activation energies found
Summary of parameters from lifetime and intensity data are the same. This
Parameter Cr "  gh. implies that the interaction responsible for the

,~s10 KI 53 192 lifetime quenching depends on the relative site
0 (m)10 K] 2.3 8.0 occupancy and requires a thermal activation en-

.1 E' (cm -) 556 203 ergy significantly less than that required for ionic

.1 E (cm- ) 320 203 diffusion, so that the latter processes controls the

.4 0.48 34 rate of the interaction. As before the specific
8 5.68 40.0 meanings of the A and B parameters can not be

detemne 0.004 0.02a determined from available information. Also the
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origin of the decrease in the intensity ratios be- accounts for the decrease in the optical quality of
tween 250 and 300 K is uncertain. In this case the samples. Substitution of divalent or trivalent
lifetime of the ions in the type 2 sites is indepen- ions for monovalent sodium is accompanied by
dent of temperature indicating that their decay the production of one or two sodium ion vacan-
processes are unaffected by ion-lattice and ion- cies, respectively. Different types of exchanged
ion interaction processes. One process consistent ions will have different preferences for occupation
with these results is energy transfer from Rh2  of the two different types of Na-sites. The mid-
ions in type 1 sites to ions in type 2 sites. The rate oxygen site is known to distort to noncentrosym-
of the energy transfer will increase as the con- metric symmetry when occupied by some ex-
centration of acceptor ions increases, changed ions [13]. The amount of distortion is

An important question is the nature of the dependent on the distribution of Na + ions in the
nonequivalent sites for the exchanged ions. The lattice. The distribution of sodium ions and
values of the A E and % E' for Cr 3- were found to vacancies around either of the two sites will change
be 320 cm-' and 556 cm . respectively, while a the crystal field seen by an impurity ion occupying
value of 203 cm -I was found for both types of the site. Our results do not provide information as
activation energies for Rh2  (table 1). The magni- to percentage of occupancy of these sites by Cr 3

,

tudes of these activation energies are consistent and Rh2 + ions, but the presence of nonequivalent
with the activation energy for diffusion of sodium lattice sites is consistent with the model used to
ion 'vacancies that are not affected by superlattice interpret the data. The magnitudes of the mea-
ordering which is about 242 cm -1 [2.8-10]. The sured activation energies are consistent with at-
vacancies in Na-fl"-alumina tend to order on a tributing the two spectrally different sites to active
superlattice at temperatures below 200 0 C which ions in the same lattice site but with different local
increases the activation energy for diffusion to environments of sodium ions and vacancies which
about 2421 cm - 1 [8,10]. Changes in composition can change due to the mobility of the Na' ions.
have a pronounced effect on the low-temperature The high power, picosecond pumping condi-
activation energy as a result of the change in tions used on the Cr 3+-exchanged f8"-alumina
extent of superlattice ordering [11]. The presence crystal have produced stimulated emission in other
of Crl- as an impurity in the conduction layers materials [6]. Single-pass gain measurements on
may reduce the correlation length of the super- this sample showed no optical gain despite the
lattice and therefore lower the activation energy of strong lifetime quenching of the 700 nm band.
migration for the surrounding Na- ions and Thus the lifetime quenching is associated with a
vacancies. Thermal energy to assist in the diffu- loss mechanism for the excitation energy for ions
sion process is supplied by the vibrational modes in type 2 sites. Excited state absorption is one
of the lattice which have been characterized by possible mechanism, but it should distort the time
Raman and infrared spectroscopy [12]. On the evolution pattern of the fluorescence of ions in
other hand. divalent impurity ions [3] have been type 2 sites to give a risetime or double exponen-
found to have thermal activation energies for dif- tial decay. This is not seen, and instead the time
fusion near 1000 cm-. The differences in the evolution pattern of the fluorescence of ions in
.alues of AE and B for Cr 3- and Rh2W ' can be type 1 sites is observed to have a risetime. Evi-

attributed to differences in the trapping processes dently this type of excitation produces a high
at the two types of sites for the different active concentration density of excited ions in type 2
ions. The values obtained for C and AE' show sites which enhances the energy transfer to ions in
that the energy transfer interaction is smaller for the lower energy type 1 sites. The presence of
Cr "3 than for Rh 2  ions. energy transfer is not surprising with the high

Because the sizes of the Cr 3
, and Rh2  doping concentration of Cr 3

, ions present in the lattice.
ions are much smaller than that of the normal The spectral properties of Cr in Na-al"-
Na lattice ions they replace, a significant amount alumina have been reported previously [7]. The
of strain is introduced into the crystal, which single lifetime reported for the fluorescence emis-

I'

W-~~ or'rf6



R. C Powell et al. / Optical spectroscopy of Cr3  and Rh
2 

* in Na-a8" .alumina

sion is intermediate between two values measured [31 G.C. Farrington and B. Dunn. Solid State Ionics 7 (1982)
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The temperature dependences of the fluorescence intensities and lifetimes of Mn2SiO , and the
results of time-resolved spectroscopy measurements on this.material are reported. A model is
developed to explain the results in terms of thermally activated migration of Mn2+ excitons
terminating on deep trapping centers. Fiber growth techniques are shown to decrease the
concentration of fluorescence quenching centers in this material, and dilution with Mg or Ca ions
is found to decrease the efficiency of the quenching process. Four-wave mixing results suggest the
presence of laser-induced photoionization processes in these crystals.

I. INTRODUCTION MnCaSiO4 melted at 1350 *C. Crystal growth conditions for

Divalent manganese ions have a strong intrinsic lumi- these solid solutions were similar to those for pure MnSiO4 .
nescence which is potentially useful for optical applications. The crystals presently available from the standard syn-
However, in highly concentrated manganese systems strong thesis process described above do not have a high optical
concentration quenching occurs so that fluorescence emis- quality. Visible scattering centers and strain patterns indi-

sion is generally not observed at room temperature. 1-5 We crte the presence of a significant number of impurities and

reported recently the observation of room temperature lumi- lattice defects in the material. In order to determine the ef-I

nescence from several new types of concentrated Mn 2" ma- fect of these imperfections on the spectral properties, small

terials whose optical properties have not been previously fiber crystals of Mn 2SiO4 were produced by the laser-heated

characterized. 6 The results of studying the s, ectral dynam- pedestal growth (LHPG) method.8"9 The details of crystal
ics of one of these materials, Mn 2SiO 4, are reported here. growth have been described previously.9 A 50 W CO2 laser
Laser-excited time-resolved spectroscopy techniques are at 10 .6 /um was used as the heating source. The laser emission
used to characterize the time evolution of the fluorescence is split into two beams and focused onto the sample material.
intensities and fluorescence decay profiles as a function of As the material is melted in an argon atmosphere, a seed
temperature. Using the information obtained from this crystal is used to quickly pull a fiber from the melt at the rate
study, a model is proposed to explain the concentration of I mm/min. The starting material used to produce the
quenching of the luminescence in this material based on Mn2SiO 4 fiber was a crystal synthesized by the method de-
thermally activated exciton migration and trapping at scribed in the preceding paragraph. The resulting fiber was a
quenching centers. The quenching is found to be reduced by single crystal about 500/pm in diameter and about 2 cm long.
diluting the Mn 2

+ concentration and by producing crystals Characterization of other types of crystals grown by the
with fewer imperfections. In addition, four-wave mixing ex- LHPG method have shown that this fast growth technique
periments suggest the preence of laser-induced photoioni- produces crystals with greatly reduced chemical and struc-
zation of the Mn2  in this crystal. tural imperfections compared to those giown by other meth-

The compound MnSiO4 (trephorite) is an orthosilicate ods.9

of the olivine group of minerals. The phase diagram of the For measurements of the fluorescence spectra, the sam-
MnO-SiO2 system indicates that Mn 2SiO . melts congruent- pies were mounted in a cryogenic refrigerator to control the
ly at 1345 "C and crystalizes in the orthorhombic system. temperature between 10 and 300 K. Excitation was providt-d

The compound was prepared" by direct melting (RF) of stoi- by a nitrogen laser-pumped dye laser with a pulse width of I 0
chiometric amounts of reagent grade MnO and SiO 2 in an ns. The fluorescence was analyzed with a I mn Spex mon,-

iridium crucible under an argon atmosphere. Single crystals chromator and detected by an RCA C31034 photom ulttpik,
were grown at pulling rates between I and 5 mm/h and rota- tube. The signal was processed by an EGG PAR N , a
tion rates of 12-18 rpm. During growth, an atmosphere of tegrator to obtain the fluorescence spectra at r-ith, ,
argon was maintained at a flow rate of I e/h. after the laser pulse and to measure fluorewcen , to,,

In order to investigate the effect of concentration Absorption spectra were obtained on a Pei:, 1,
quenching, solid solutions of the type Mn 2 _ Mt SiO, were trophotometer.
prepared with M = Mg or Ca. At high levels (> ! 5 %) of Mg
the melting point exceeded 1650 C, while the composition II. EXPERIMENTAL RESULTS
"Permanent address: Applied Solid State Chemistry Laboratory, Faculty The absorption %pe,,

ofSciences, Charia lbn Batota Rabat. Morocco. ture ts shoA n n F , -,

J. Chem. Phys. 64 (2), 15 January 196 0021-9606/e6/020657-0D502
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FIG. 1. Ab pdm spetrm of bulk MniO4 cryal atrom tempu ture. 4

to those observed in other concentrated manganese sys-
tems. ' They have been assignedl' -42 to transitions between 0,
levels of the 3d " electron configuration of Mn 2 '. In the ap- 0 40 80 120 160
proximation of octahedral site symmetry, these transitions TIMEi Pl
originate on the 'A 1 ground state and terminate on the 4T"' FIG 3. or e o e neifles of Le 00 m otb-
'T~r,4A,,'E,,'T2 , E, and'Ti,. listed inorderofincreas- 700 nm bands a a function of time after the laser pulse at 150 K. (See the
ing energy. text for an explanation of the theoretical line.

The fluorescence spectra at three temperatures at two
times after the laser pulse are shown in Fig. 2. The emission
transition originates on the lowest 4T,, level Stokes shifted ever, at intermediate temperatures, the spectrum evolves
to lower energies from the absorption transition. At both 10 from a band peaked near 700 nm at short times after the
and 300 K there is no spectral evolution of the emission with excitation pulse to one peaked near 800 nm at long times.
time, it appears as a broadband peaked near 700 nm. How- The time evolution of the ratios of the integrated fluores-

cence intensities ofthe twobands at 150Kisshownin Fig. 3.
Figure 4 shows the change in the fluorescence decay

rates with temperature for both the 700 and 800 nm bands.

T :2WK

1 A-:SOhnm
_. 0-1/102

T: 150K

110-1

- 100

am 700- OW 900 100 1100 00 :70nff -3

FIG. 2. Fluorescee spectra of bulk ManiO crystal at 023 and 125/is 1"4

aftr the laer pulse at three temperatum (solid lines). At 150 K. the 700 am 0 8 10 240 320

bond aper at short times and the 800 nin bond at long imes after the TIK I
excitationplsbew , whmmevoksbcmappemninthespettl10ud . '"''-'-"""
293 K. Fluorescence spectrum of CAMnSiO4 crystal at 125/us after the lawe FIG. 4. Temperature dependences of the fluorescence decay rates of the 7/0
pulse at room temperture (dotted linel. Flurecec spectrum of Mn2SiO 4  and 800 nm emission bands in MnSiO,. (See the text for an explanation of
fiber at 125 s after the laser pulse at room temperature (broken line). the theoretical line.)
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TI KI FIG. 6. Model for explaining the spectral dynamics of Mn2 SiO4 crystals.
(See the text for a defnition of parameten.)

FIG. S. Temperature dependences of the rise time of the S00 nm fluores-
cence band and the energy transfer rate. The uquare point is the energy
transfer rate obtained by fitting the time-resolved spectroscopy data. (See
the text for an explanation of the theoretical lines.)

ping of the excitons at defect sites no band fluorescence is
observed. The rate describing the trapping process is kT. It is
assumed that the traps are Mn2  ions near to lattice defects

The decay time of the former is 3.17 ms at 10 K and de- which perturb their surroundings enough to shift their ener-
creases to about 1.33/ls at 300 K. The lifetime of the latter is gy levels to lower energies. The observed 800 nm band is
about 700 ps at 50 K decreasing to about 0.93 ps at 300 K. attributed to emission from these perturbed manganese sites.
The emission profile of the 800 nm band also exhibits a rise As temperature is raised further, the Mn2 + in the perturbed
time which decreases with increasing temperature as shown sites undergo radiationless relaxation to the ground state
in Fig. 5. with an activation energy AEQ and a rate rj'.

The rate equations can be written for the populations of
III. INTERPRETATION OF RESULTS the energy levels shown in Fig. 6 and solved with the as-

The observed spectral characteristics described in the sumption of time independent rate parameters. The fluores-

preceding section can be interpreted using a model based on cence intensity of a specific level is equal to the product of the
exciton migration to quenching sites. Figure 6 shows a sche- population and the radiative decay rate of the level. In this
matic representation of this model in terms of the energy model, the ratio of the fluorescence intensities of emission

levels, rate parameters, and activation energies involved in from the perturbed Mn 2  sites to emission from the self-

the spectral dynamics. The concentration of ions in the ith trapped excitons at time t is given by
level is given by n, and the rate of optical excitation is W.. It(t) 1 ,\s [(nfT(O) ~-I

The majority of the Mn2  ions are assumed to be in normal n - + .I I- T"
lattice sites in the crystal. The interaction between ions in +?3T r

this highly concentrated manganese system leads to the for- ! I + - - r, 1
mation of an exciton band in the 'T, metastable state. The ' I + -- (1)
excited ions decay nonradiatively to this level and at low w

temperatures lattice relaxation around the excited ions
causes a self-trapping of the excitons. IThe 700 nm emission T 5 A(T) - k r' + k '. (2)
band is attributed to fluorescence from this self-trapped exci- The temperature dependence of the fluorescence life.
ton level. As temperature is increased, the exciton can pin time of the 700 nim band can be explained in this model by
enough thermal energy to overcome the self-trapping barrier assuming that the populations of the self-trapped level and
AEss and be excited into the exciton band. In this band the the exciton band are in thermal equilibrium with each other.
exciton is mobile and its diffusion through the lattice can be Then
described by a thermally activated hopping processes, where =
kD is the rate of diffusion-and AED is the activation energy Ts-(T) -

Tso + i" exp( - AE5 /k~t), (3)
for hopping. The exciton band is assumed to have an intrin- where 1-so is the intrinsic decay time of the self-trapped exci-
sic lifetime given by rp. However, because of efficient trap- tons and k, is Boltzmann's constant. The temperature de-

J. Chain. Pry., Vol. 84, No. 2. 15 January 19
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TABLE 1. Spectral peramtaen for MnO,. fer is made up of the time of migration of the exciton up to
the trapping site plus the time of the trapping interaction

Traauirimn atiee Acivaticma itself, the results are consistent with a phonon-assisted ener-
__ _ _ _-__ ___ gy migration processes with a temperature independent

- 3.17X 10- 3  AEw - 612 trapping process. Due to the increased rate of phonon assist-
ra- 6.7x 10-' A - 938 ed hopping processes, the exciton migration time decreases
r -7.0lx0-' ED - 15 as temperature is increased up to about 190 K above which it

rk - 2.1x 10-' is faster than the trapping time. Thus a, higher temperaturesk~(lS0 KF - 7.6x 10-  h  r(J oV(0) -r0.1 we are dealing with trap limited energy transfer and the ob-served transfer time is the time of the trapping step in the
overall energy transfer processes.

SeccI mety roMM The above description of energy transfer can be put on a
AN(50 K) - 28 A R r - 12A quantitative basis by treating the exciton migration in a dif-
D(IS0K) - I.l x 10- mz s- Do - I1.2X 10-s cm s-I fusion model with a temperature dependent diffusion coeffi-
1(150 K) - I.4X 10- cm t,(l5O K) - 2.4x lO-s cient. The time of the trapping step is found from the experi-
a(ISOK)- 1.3x10' mental results to be 4.0 ls. At T= 150 K the time for

diffusion of the exciton to the trapping site is 76 s. The
energy transfer rate in this model can be expressed as"

pendence of the 800 nm band can be described by kD = 4irDRNr , (6)
T I where D is the diffusion coefficient, R is the trapping radius,

(p- /kT) ,) and N T is the concentration of traps. A rough estimate for
where r7TO is the intrinsic decay time for the excitons trapped the value of D at 150 K can be obtained by assuming typical
in perturbed manganese sites. The rise time of the fluores- values of 4X 10- cm and 2.5 X 10 cm-3 forR and NT,
cence profile of the 800 tun band is given by respectively. This gives D (150) = 1. 1 X 10- 8 cm2 s- 1. At

tr. - ('f' -r i')- lnl (~l'.r) this temperature, the diffusion length, hopping time, and

+5) (number of steps in the random walk can be found from
+r ] ) I = (6Dr")"/2, (7)

Here n,(O) represents the concentration ofions in the ith level t= = a2/(6D), (8)
at zero time after the laser pulse.

The expressions given in Eqs. (IH) can be used to fit
the data shown in Figs. 3-5. The solid lines in Fig. 4 repre- Here the parameter a represents the average lattice spacing
sent the best fits to the data using Eqs (3) and (4) for the between nearest neighbor manganese ions. The values deter-
lifetimes of the 700 and 800 am band, respectively. Table I mined in this way are listed in Table I.
lists the parameters used to obtain these fits. This analysis For thermally activated diffusion of localized excitons,
gives values for the intrinsic decay rate of the exciton band, the temperature dependence of the diffusion coefficient is
the quenching rate of the perturbed Mn" ions, and the acti- given by '1
vation energies for lifting the exciton to the band from the D (T) - Do exp( - AEDk, T) .
self-trapped state and for radiationls quenching in the per- Using this expression, the data in Fig. 5 gives a value for the
turbed sites. The solid line in Fig. 3 represents the best fit to activation energy for diffusion of AE, = IS cm -' and
the data on the time evolution of the fluorescence intensity Do - 1.2X 10-5 cm 2 s - I.

ratios using Eq. (1). The energy transfer rate T ' and pro- The critical interaction distances for the hopping and
duct trapping steps in the random walk. R YandR r can be found

Ifr/r)[Mr(OVn(sO)I , from the expressions
am found asadjustable parameersfrom this analym and Rffa(r/t,)', Rr=a(rs/t,)', (10)
listed in Table 1. The mesured rise time observed in the assuming electric dipole-dipole interactions for the mecha-
fluorescence proile of the 800a m band also provides infor- nisms causing the migration and trapping. The value of R I
matom about the energy transfer rat. Using Eq. (5) with the for the trapping processes is found to be 12 A. The critical
measured values of the lifetimes ofthe two bands and the rise interaction distance for hopping at T = 150K is 28 A.
time of the 800 nm band at each temperature along with the An attempt was made to directly measure the exciton
ratio of the zero time populations obtained from the time- miration in MnSiO4 using degenerate four-wave mixing
resolved spectroscopy results gives a value for the energy techniques. TiM has been successful in stoichiometric rare
trander time at each tempeatre. This is plottd in Fig. S. earth pentaphosphe crystals and the details of the expea-
The value for rsr obtained from the time-resolved spectros- mental setup are described elsewhere.' 4 Using the 488 nm
copy measurement at 150 K is shown on the same plot and line of an argon laser, four-wave mixing signals could be
demonstrates the consistency of the results. obtained in Mn2SiO, crystals. However, the signal intensity

The transfer time decreases exponentially with incres.- decayed away *ithin a few seconds and it was necessary to
ing temperature up to about 190 K and then remains con. realign the laser beams in a different region of the crystal in
stant at higher temperatures. Since the time for energy trans- order to reestablish the signal. The characteristics of a slowly
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varying signal accompanied with a "petranent" change in trapping region has been characterized in other materials.
the optical properties of the material are consistent with a Since the defects producing the perturbed Mn 2  sites are
photorefrctiv procss Under the experimental conditions unknown at the present time, it is not possible to determine
used here, this must be associated with photoionization of further characteristics of the trapping region.
the Mn2 - ions with subsequent trapping of the electrons at The model for explaining fluorescence quenching in-
defect centers. As is usually the case with photorefractive volving energy migration to trapping sites is consistent with
processes, the nature of the trapping centers is difficult to that used previously for other concentrated manganese sys-
identify tems.3"- The parameters describing thermal quenching of the

If the model used to describe the spectral properties is high energy band are similar to those found for RbMIF3 .
accurate, the quenching of the Mn 2 fluorescence should be The parameters describing the energy migration part of the
reduced if the number of trapping sites is reduced or if the process are different. The activation energy between the self-
exciton migration is inhibited. To test the model we men- trapped exciton and the mobile exciton band is significantly
sured the fluorescence spectra and lifetimes of MnSiO4 fA- greater for the case studied here. The details of the energy
bers and CaMnSiO, crystals. Figure 2 shows the room tem- migration mechanism have not been determined in previous
perature emission spectra of these two samples which is investigations. Therefore it has not been possible to tell if the
similar to the bulk Mn2SiO, crystals. The room temperature energy transfer process is diffusion limited or trap limited.
fluorescence decay profile of CaMnSiO4 was found to be a The fact that the fluorescence quenching is reduced by
double exponential with decay constants of 25 and 39 j*s. using the fiber growth process is of significant practical in-
The MnSiO, fiber exhibited a single exponential decay with terest. This shows that ifbulk single crystals can be produced
a decay time of 23 ps at room temperature. with low concentrations of defects and impurities, the lumi-

Since fiber crystals are known to have reduced defect nescence efficiency should be high enough to make them
concentrations compared to bulk crystals, the order of mag- useful in practical applications such as phosphors or lasers.
nitude difference in lifetime between the two samples can be
attributed to decreased trapping of excitons at quenching ACKNOWLEDGMENT
sites in the fiber as predicted. In the CaMnSiO, crystal there The Oklahoma State University part of this research
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Spectroscopy and four-wave mixing in Li4Ge5Ol 2:Mn4+ crystals
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The absorption and fluorescence spectra of Mng* in Li4 Ge5O 2 crystals are reported and the

temperature dependences of the fluorescence intensity and lifetime are described. The spectral

features are consistent with the presence of two types of sites for the Mn" ions, and radiationless
decay and vibronic transitions are shown to be responsible for the variation of the spectral proper-

ties with temperature. Four-wave mixing measurements were performed with the laser excitation
waielength in resonance with an absorption transition of the Mn'" ions. The characteristics of
the four-wave mixing signal are consistent with scattering from a laser-induced population grating
and the temperature dependence of the signal i. correlated with the temperature dependence of
the fluorescence lifetime.

1 INTRODUCION ions. The sample used in this work contained 0.1 at. %
Mn. It was 3 mm thick and had a yellowish color.

Mn 4' has a 3d 3 electron configuration which is
isoelectronic with Cr3+ . Although there is extensive . OPTICAL SPECTOSCOPY
literature describing the optical properties of the latter OF M§4+ IN L1eGeSO12
ion due to its importance in laser applications, very little O
research has been reported on Mn 4+ ions.1- 4 We report The absorption spectra were recorded on a Perkin-

here the results of optical spectroscopy and four-wave Elmer model 330 spectrophotometer. Fluorescence
mixing (FWM) experiments on Mn4+ in LiWGC5O2 2 crys- spectra were obtained using a Spex 1-m monochromator,
tals. The spectral features indicate the presence of two an RCA C31034 phototnultiplier tube, an EG&G-PAR
types of crystal-field sites for Mn4+ in this host, and the lock-in amplifier, and a strip chart recorder. The excita-
temperature dependence of the FWM signal is shown to tion was provided by the 488-nm line of a Spectra Phys-
be correlated with the temperature dependence of the ics argon laser. For fluorescence lifetime measurements,
fluorescence lifetime. a Molectron nitrogen laser was used to provide excita-

There are several possible forms of lithium germanium tion pulses 10 ns in duration at 333.7 nm and the signals
oxide having different chemical formulas and crystallo- were processed with either an EG&G-PAR boxcar
graphic structures. Crystal' of the particular compound averager or signal averager. The sample was mounted in
studied here were grown b% the Czochralski technique a cryogenic refrigerator capable of controlling the tern-
and found from x-ray crystallography studies to have a perature between 12 K and room temperature.
triclinic structure with a P! space group. 5 The germani- The absorption spectrum of Li4Ge,O 12:Mn4- at 12 K
um atoms occupy at least two different types of sites in is shown in Fig. 1. The presence of Mn4 introduces a
this crystal structure, one with tetrahedral point symme- broad band peaked near 420 nm which is probably asso-
try and one with octahedral symmetry. The distance be- ciated with transitions from the 'A2 ground state to the
tween the Ge ions and oxygen ligands is 1.749 A in the 'TZ, level. This band showed very little change as tern-
former type of site and 1.903 A in the latter. The ratio perature was raised to 300 K. The absorption edge of
of the relative number of these types of sites is 4:6. The the material near 300 nm is also changed by the presence
Mn" ions enter the lattice substitutionally for the Ge4 - of the Mn'-. This is probably associated with transi-
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tions from the ground state to the 4 T1 , level. No sharp 71&7 713.5 7133

lines were observed in the absorption spectrum even at
low zemperatures. FIG. 3. Fluorescence spectrum in the region of the R lines

The fluorescence spectrum at 12 K obtained by excit- (solid lines) and theoretical fits of Lorentzian curves (broken
ing into the 4 T 2. absorption band with the 468-nm line lines).
of an argon laser is shown in Fig. 2. The general
features consist of t:wo intense, sharp lines and a weak, ratios of the total intensities of the low energy to the
broad band at lower energies. These characteristics are high energy components are plotted as a function of
typical for a 3d' ion in a relatively strong crystal field temperature in Fig. 4. For both the R I and R 2 lines,
environment, and thus the standard designations of R these ratios are approximately constant up to about 70
and R 2 are used for transitions from the two corn- K and then increase significantly. Above 100 K the in-
ponents of the 2E. level to the ground state. The broad dividual components broaden to the extent that they
band is the vibronic sideband of these zero-phonon lines. cannot be resolved.
An expanded view of the spectra in the region of the R Details of the vibronic sideband are shown in Fig. 5.
lines is shown for two temperatures in Fig. 3. Both R I The positions of the vibronic peaks with respict to the
and R 2 are split into two components with the splitting R 1 and R 2 lines are listed in Table 1.
being 2.55 cm-' for the former and 2.04 cm- for the The temperature dependence of the fluorescence inten-
latter.

Computer fits were generated for the curves in Fig. 3
assuming Lorentzian line shapes with variable -intensi-
ties, full width at half maximum AX, and peak positions. 2
The best fits are shown as broken lines in Fig. 3 and the
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FIG. 2. Fluorescence spectrum of Li Ge.O;::Mn4 " crystal FIG. 4. Temperature dependence of the relatie total inten.
at 12 K. sities of the "vo sets of R lines
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FIG. S. Vibronic emission band of Li.GesO$2:Mn'* at 12 K
with the main vibronic peaks marked by vertical lines. o - 488 i00.01 48 *

sity at the peak of the vibronic emission band is shown
in Fig. 6. It is constant from 12 to about 40 K and then
decreases to about 20% of its initial value. This de-
crease can be described as an exponential with an activa- 0. 100 200 300
tion energy of 360 cm-1. The intensity then increases T(K)
slightly between about 90 and 180 K, which is probably
associated with an increase in the vibronic transition FIG. 6. Temperature dependence of the peak fluorescence
probability. Above 180 K there is a strong quenching of intensity.
the fluorescence, which is probably associated with an
increase in the radiationless de.'ay probability.

The fluorescence decay profiles at the maximum of the m. FOUR-WAVE MIXING
vibronic sideband were monitored for various tempera- Four-wave mixing (FWM) techniques have been useful
tures, and examples are shown in Fig. 7. The decay ki- in characterizing nonlinear optical properties and exci-
netics can be described by double exponential functions ton dynamics of doped crystals and glasses.' - In these
below 80 K. The fast component has a characteristic types of experiments, laser-induced population gratings
decay time of about 260 ps below 40 K. This decreases of the metastable states of the dopant ions are estab-
at higher temperatures and the decay curves become sin- lished and probed by crossed laser beams tuned to reso-
gle exponentials with the longer decay component nance with one of the absorption transitions of the ion.
remaining above 80 K. The decay time of the longer The experimental details for FWM measurements have
component is constant at about 1.06 ms up to 150 K and been described previously. 7-  In the work described
then decreases. The temperature dependences of these here, the 488-nm line of an argon laser was used to write
decay times are shown in Fig. 8. These spectral charac- the gratings and a helium-neon laser was used to read
teristics are summarized in Table II. the gratings. For measuring the FWM signal efficiency

the laser beams were chopped and lock-in detection was
used to improve the signal-to-noise ratio. The signal de-

TABLE 1. Vibronic emission peaks in the fluorescence spec-

trum of Li4Ge.O 1%2 Mn".

)L (nm) v (cm - ') A (R 2 ) (cm -
1) AV (R ) (cm-')

706.4 14156 126
708.1 14122 160 T
709.3 14088 195
711.2 14061 222 40.1
1!.4 13979 37

71 .2 13924 92 -
719.7 13895 121
722.2 13847 168

13918 198
'724.9 13795 220 .01
727.6 13 744 272 0 1 2 3 4 5
729.1 13716 300
729.8 13702 313
731.9 13663 352 FIG. 7. Fluorescence deca. kinetics of LiIGe, O, Mn'" at
734.7 13611 404 138.4 K (solid circles, and 35.2 K topen circles . The open
736.5 13578 43 squares represent the initial deca) at 35.2 K after subtraction
73 .- 13546 460 of the longer decaN component.
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TALI n. pctsm * properties of b * in LiAO i .. . .

Parameter Site a Site b

A, in (mm) 713.40 713.53 , M T:42K

R2 ln (mm) 700.19 700.29 6 a a
lfor R, at 12 K (A) 0.84 1.04

AX for 2 at 12 K () 0.97 1.25 5
Splitting of the IE level (cm - 1) 264.50 265.00 . : 210 K
,r at 12 K (me) 1.08 0.26 b 4
Quenching temperature (K) SO 40 S

2 c c) o

cay kinetics were measured with a signal averager. T:42 K
The results of the FWM measurements are shown in 1

Figs. S and 9. The temperature dependence of the 0or .____t_,
scattering efficiency is shown in Fig. 8. It follows closely 0 1 2 3 4 Sx0"

the fluorescence lifetime and intensity with a decrease in'(B/2)
between 30 and 60 K, a constant value up to about 150
K, and a decrease above this temperature. FIG. 9. FWM grating decay rate for Tu=210 K (circles) and

The decay kinetics of the FWM signals were found to for 42 K (short component -solid squares; long component-
be described by double exponentials at 42 K and single open squares).
exponentials at 210 K. Figure 9 shows the variation of site produce the transitions labeled Rb and R26 which
the signal decay rate on the crossing angle of the write have the 260 As lifetime at low temperature. The
beams. For both temperatures, the FWM signal decay fluorescence of this center undergoes radiationless
rates are independent of crossing angles and approxi- quenching above about 40 K. From optical data alone,
mately equal to twice the fluorescence decay rates. it is not possible to identify the exact nature of the two

IV. DISCUSSION AND CONCLUSIONS types of sites. However, it is reasonable to expect that

they are the two types of Ge 4" sites in this crystal lattice
The spectroscopic properties of Mn 4 * in Li4Ge5O, 2  structure.

crystals can be explained by assuming that the Mn The temperature dependence of the fluorescence decay
ions occupy two nonequivalent types of crystal field rate of ions in site a, 1-- ,can be described as the sum of
sites. The observed doublet structure of the R lines can- the contributions from vibronic and nonradiative transi-
not be associated with the ground-state splitting of an tions,
ion in a single type of site since the magnitude of the - -)

splitting is different for the R and R 2 lines. The ions in
one type of site produce the transitions labeled R ' and The vibronic contribution can be represented by an aver-
R 2 which have the 1.06 ms lifetime at low temperatures. age phonon frequency (W o which leads to a temperature
The fluorescence of this center undergoes radiationless dependence given by
quenching above 180 K. The ions in the other type of rb'= (0)coth((&)/2kT). (2)

There are several types of nonradiative transitions that

4-. .can contribute to the thermal quenching of the fluores-
cence decay time. For Cr ions in relatively weak crys-

0.5 tal field sites, the nonradiative contribution to the
- OL... fluorescence lifetime is usually associated with the

thermal population of the 4T2 level. However, in this
• . k. case the energy gap between the 2E and 'T 2 levels is too

0 0.1 . large for this process to contribute significantly to the
fluorescence lifetime in the temperature range of interest.
The type of nonradiative transition which appears to be

O 0.02more important in this case is the direct decay process
a 0,2 between the 2E level and the ground state through the
A 0 , emission of p phonons each having an effective energy of

10 300 o, where pfnw is the energy gap crossed by the transi-
T(K) tion. The temperature dependence of this contribution

to the fluorescence decay rate is4 "t 0

FIG. 8. Temperature dependences of the short (open circles t
and long (solid circles, components of the fluorescence life. , T)=RI (2s1'n(n +1))f(n + 1)/n :
times, and of the FWM scattering efficiency at 8=4.13' (solid D+
triangles). The solid lines represent theoretical fits to the data, X exp[ -s' I -2n ]3

tN



where either the absorption or dispersion of the ions in the
ground and excited states. Using the rate equations

- jexp[it/(kT)]- l1 -  describing the dynamics of a simple two-level system,"

is the phonon occupation number, s is the Huang-Rhys
parameter, I,(x) is the modified Bessel function, and R N = 2JN°,/[21°o,+ (hv/r)] (5)
is a temperature-independent prefactor.

The solid line in Fig. 8 represents the best fit to the where 1 0 is the intensity of the laser pump beam, No is

data obtained from Eqs. (l)-(3) treating the parameters the total concentration of active ions, a, is the absorp-

describing the electron-phonon coupling as adjustable tion cross section for ions in level I, h v is the photon en.

parameters. The good fit between theory and experi- ergy, and i is the fluorescence lifetime of the metastable

ment shown in the figure is obtained using w= 325 state. The parameter that dominates the temperature

cm - , ri'(O)=924 s - 1, s=0.2, p =43, and dependence of the four-wave mixing signal for popula-

R =4.89X 10' s - '. These results are consistent with tion gratings is the fluorescence lifetime. For weak grat-

those described in Ref. 4 for Mn 4 in Y3 AIsO, 2. The ings, the functions in Eq. (4) can be expanded and.the

value of the Huang-Rhys parameter is smaller for our signal expressed as

case than that found in Ref. 4.
The characteristics of the FWM signal are consistent 17-C[1/( A +B/.)], (6)

with scattering from a population grating of excited where the temperature independent constants A, B, and
Mn' ions. The double exponential behavior of the C have different meanings for absorption gratings and
grating decay kinetics at low temperatures is consistent dispersion gratings.
with establishing population gratings independently in Equation (6) can be used to relate the temperature
the two subsets of manganese ions in nonequivalent crys- dependences of the fluorescence lifetimes and the four-
tal field sites having different fluorescence lifetimes. The wave mixing signal intensity. At temperatures below 80
lack of dependence of the grating decay rates on the K, the four-wave mixing signal has contributions due to
crossing angle of the write beams, .giWsthat thcr&..i-s. scattering from Mn4 ions in both types of crystal field
no long-range energy diffusion in this material. In addi- sites, as indicated by the double exponential kinetics of
tion, we performed time-resolved spectroscopy measure- the signal. Fluorescence quenching occurs for the ions
ments exciting selectively in either site a or site b transi- in one type of site above 40 K resulting in a decrease in
tions. The ume evolution of the fluorescence emission the scattering efficiency. Above 80 K the FWM signal is
after selective excitation shows that no energy transfer due to scattering only from Mn 4 in the other type of
takes place between ions in different types of sites. Thus site. Using the measured values of the fluorescence life-
the temperature dependence of the intensity ratios times in Eq. (3) and treating A, B, and C as adjustable
shown in Fig. 4 is due to differences in radiationless constants results in the solid line fitting the FWM data
quenching and not site-to-site energy transfer. shown in Fig. S. This good fit confirms the relationship

The theoretical expression for the FWM signal is between the FWM signal and the metastable state life-
given by' time for a population grating. Not enough independent

information is available to interpret the values of the ad-
justable constants in terms of the contributions to the

= exp[ -2ad/cos0] sinh[d&a/(2cos0)) grating modulation depths and thicknesses. Four-wave
mixing measurements on the several other host crystals

+ sin 2[dfAn/(Xcos0)], (4) doped with Cr3 - which is isoelectronic with Mn' have
shown that dispersion gratings make the dominant con-
tribution to the scattering efficiency.' 9-" -  However,

where d is the grating thickness and 0 the crossing angle for this case Fig. I shows a significant difference in ab-
of the write beams in the sample. a is the average ab- sorption strength for light at the laser wavelength for
sorption coefficient at wavelength of the write beams 4. ions in the ground and excited metastable states, and
The first term represents the contribution to the signal thus the possibility of a strong contribution from an ab-
due to an absorption grating of modulation depth AS, sorption grating cannot be ruled out.
and the second term represents the contribution due to a
dispersion grating of modulation depth An. For popula- ACKNOWLEDGMENT
tion gratings, the modulation depths can be expressed in
terms of products of the concentration of ions in the This work was supported by the U. S. Arm% Research
peak regions of the gratings N2., with the differences in Office.
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where either the absorption or dispersion of the ions in th,
ground and excited states. Using the rate equation;

8 - texp[a/(kT )]-I- ' describing the dynamics of a simple two-level system,"

is the phonon occupation number, s is the Huang-Rhys N4=2/oNo t/[2/oa1+(hv/,')] (5
parameter, I,(x) is the modified Bessel function, and R
is a temperature-independent prefactor.

The solid line in Fig. 8 represents the best fit to the where 10 is the intensity of the laser pump beam, No is
data obtained from Eqs. (l)-(3) treating the parameters the total concentration of active ions, a, is the absorp.
describing the electron-phonon coupling as adjustable tion cross section for ions in level 1, h v is the photon en-
parameters. The good fit between theory and experi- ergy, and r is the fluorescence lifetime of the metastable
ment shown in the figure is obtained using Aw=325 state. The parameter that dominates the temperature
Cm-1, r b1(0)=924 s-1,  s-0.2. p=43, and dependence of the four-wave mixing signal for popula-
R =4.89X I0" s-. These results are consistent with tion gratings is the fluorescence lifetime. For weak grat-
those described in Ref. 4 for Mn" + in Y A1O2. The ings, the functions in Eq. (4) can be expanded and the
value of the Huang-Rhys parameter is smaller for our signal expressed as
case than that found in Ref. 4.

The characteristics of the FWM signal are consistent i7 =C[I/( A +B/7)], (6)
with scattering from a population grating of excited where the temperature independent constants A, B, and
Mn4

, ions. The double exponential behavior of the C have different meanings for absorption gratings and
grating decay kinetics at low temperatures is consistent dispersion gratings.
with establishing population gratings independently in Equation (6) can be used to relate the temperature
the two subse:s of manganese ions in nonequivalent crys- dependences of the fluorescence lifetimes and the four-
tal field sites having different fluorescence lifetimes. The wave mixing signal intensity. At temperatures below 80
lack of dependence of the grating decay rates on the K, the four-wave mixing signal.4'ao-cetributiog-ti- to
crossing angle of the write beams indicates that there is scattering from Mn 4+ ions in both types of crystal field
no long-range energy diffusion in this material. In addi- sites, as indicated by the double exponential kinetics of
tion, we performed time-resolved spectroscopy measure- the signal. Fluorescence quenching occurs for the ions
ments exciting selectively in either site a or site b transi- in one type of site above 40 K resulting in a decrease in
tions. The time evolution of the fluorescence emission the scattering efficiency. Above 80 K the FWM signal is
after selective excitation shows that no energy transfer due to scattering only from Mn 4+ in the other type of
takes place between ions in different types of sites. Thus site. Using the measured values of the fluorescence life-
the temperature dependence of the intensity ratios times in Eq. (3) and treating A, B, and C as adjustable
shown in Fig. 4 is due to differences in radiationless constants results in the solid line fitting the FWM data
quenching and not site-to-site energy transfer, shown in Fig. 8. This good fit confirms the relationship

The theoretical expression for the FWM signal is between the FWM signal and the metastable state life-
given by8 time for a population grating. Not enough independent

information is available to interpret the values of the ad-
hd justable constants in terms of the contributions to the

1= expJ -2ad/cos9]tsinh lda/(2cos8)] grating modulation depths and thicknesses. Four-wave
mixing measurements on the several other host crystals

+ sin 2[drAn/(XcosO)]l (4) doped with Cr " which is isoelectronic with Mn 4 ' have
shown that dispersion gratings make the dominant con-
tribution to the scattering efficiency. -"""" However,

where d is the grating thickness and 0 the crossing angle for this case Fig. I shows a significant difference in ab-
of the write beams in the sample. a is the average ab- sorption strength for light at the laser wavelength for
sorption coefficient at wavelength of the write beams X. ions in the ground and excited metastable states, and
The first term represents the contribution to the signal thus the possibility of a strong contribution from an ab-
due to an absorption grating of modulation depth Aa, sorption grating cannot be ruled out.
and the second term represents the contribution due to a
dispersion grating of modulation depth An. For popula- ACKNOWLEDGMENT
tion gratings, the modulation depths can be expressed in
terms of products of the concentration of ions in the This work was supported by the U. S. Army Research
peak regions of the gratings N2., with the differences in Office.
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Laser-pumped single pass gain measurements were made on crystals of titanium-activated
lithium germanium oxide between about 388 and 524 nm. Gain was observed throughout this
spectral region with a peak cross section of about 1.7 )0- "' cm' near 450 nm.

The development of tunable solid state lasers has gener- respectively. The emission for low excitation energy is a
ated significant interest and has potentially important dec- band peaked at about 450 nm, with a half-width of about 100
tro-optic systems applications. Previous research has cen- nm and a lifetime of about 9 ps. As the pump energy is in-
tered around 3d, 4d, and 5d transition metal ions in suitable creased above about 0.7 mJ, the fluorescence decay time ab-
hosts which has resulted in laser operation only in the red or ruptly decreases to about 35 ns and the half-width of the
infrared spectral regions.i" emission band narrows to about 70 nm. These charactens-

The general spectroscopic properties and features of tics are indicative of the onset of stimulated transitions from
Ti " ions have been known since the late 1930's and a com- the metastable level.
pendium of experimental data was presented by Kroger in To determine if stimulated emission processes are oc-
1948.' However, little of the underlying physics was known curring at high excitation energies, single pass gain measure-
of the luminescence before the work of Macke, and Blasse ments were made at pump pulse energies slightly above the
and Dirksen.'" It is now believed that luminescence is threshold level determined from the lifetime data in Fig. 2.
caused by a charge transfer mechanism between the sur- The results are shown by the points in Fig. 1. By tuning the
rounding oxygen ligands and the central Ti 4 ion. Given a probe beam across the fluorescence emission band, tunable
proper low symmetry site, these electric dipole allowed tran- gain is demonstrated in this material between 388 and 524
sitions can be activated to provide a new and potentially nm.
strong mechanism for laser transitions. We have observed Using the measured peak gain coefficient (') and the
strong, broadband fluorescence emission in titanium-acti- pulsed energy threshold, the peak transition cross section
vated lithium germanium oxide crystals and report here the can be determined from
first observation of tunable single pass gain in this type of ap = Yh, ( 1 )
material.

The Ti" 4 doped lithium germanate crystal was grown wbereEUlhhd is the absorbed pump energy per pulse which
by the Czochralski method from stoichiometric amounts of is convened into fluorescence photons."' The results of this
Li, C0,. GeO, and doping levels of TiO. between 0.05 and
1.0 mole %. All starting materials were of greater than
99.99% purity (AESAR). Ti ions can substitute directly for 10.o 04
Ge without the need for charge compensation due to the
identical ionic charge M +" and similar ionic radii (0.60 vs a.
0.54). Samples used for measurements contained some scat- 0.3
tering centers which did not affect the spectroscopic studies 6.0
but do produce losses that significantly affect the accurate "e. .
determination of laser parameters. 0.2 E

The experimental setup used for the single p , gair 4. ,' ,
measurements has been described previously.' The crvysal , "
was pumped by the quadrupled output of a mode-locked Nd- 2.0 i01
YAG laser. This produced an excitation pulse at 2b( nm
with a half-width of about 30ps and an energy variable up to ..
a fewt millijoules The probe beam was the collimated emis- o 350 400 45C 500 sso 60C o0
%ion from a xenon lamp passed through a 0.50-rr mren,,. r,.,
mator Se ,eral ins diaphragmns and a moncxhromaior %ere
used toblock an) fluorescence from the photomruhipher de FIC, 1 Rt r er'luei '.er+e eVic:,'.I'r or tiTnl. 8,r1 *2INl.!

tector dunng the gain measurements. old lin., aNe thrc ".e. br.-,ker lne J Tht iptn.. repe- n: the
ld cht in e al', -t. , te" X -u , be ,.,ke r lir The r'.mne, hee , .e theThe changes in the fluorescence spectra and ltifeir'e a, a "e.,A, of ' r. 'C p.1 a. p.'.:. : . , " . ,

function of pump energ. per pulse are shLag n in Figs I ano " cern p1,-;e us. ih nsh:
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Them rusuTI gruom the BAm deawnm of opial
gain from a host actdVated with a cosed "hl ursatlo met.
al ion. The spectral region, tuning width, and aranatiam
cross section demonstrate the potential impornceao this
material for laser applications.

Other materials of this type, improved crystal quality,
and different pumping schemes are currently being investi.
gated for determining optimum cLaracteristics for laer per.
formance.

1.0 The Oklahoma State University portion of this work
was partially supported by the U. S. Army Research Office.
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IV. CHARACTERISTICS OF PHOTOREFRACTIVE CRYSTALS

One important aspect of research on photorefractive

materials is characterizing the effects of different types of

doping ions on the photorefractive response. The first three

manuscripts in this section describe the results studying the

effects of Mg ions in lithium niobate crystals. This is impor-

tant since the addition of large quantities of Mg quenches the

ptotorefractive effect and thus allows this material to be used

in high power nonlinear optical and laser host applications.

Se..eral techniques were used in this investigation including

small angle scattering pattern analysis and anisotropic self-

diffraction. The former allows accurate determination of the

modulation depth of the laser-induced grating and the latter

allows accurate determination of charge diffusion properties

without modulation by photovoltaic effects.

The final manuscript in this section describes results

obtained on BSO crystals. This is different from the lithium

niobate work in that the most important aspect of the photo-

refractive effect in BSO is the fast dynamic response of the

material. The work described here deals with the effects of

temperature on the response characteristics. Understanding this

response is important in developing photorefractive materials for

specific optical applications.
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Analysis of holographic grating scattering patterns in LiNbO3
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The properties of the photorefractive effect were investigated uing the holoraphic grating technique in nominally
pure LiNbO crystals. Gratings were created with different write-bem crosing angles between 2.50 and 8.00, and
the angular distributions of the scattered probe-beam intensity were measured. Scattering maxima were observed
at several different angles, and each spot was found to have a different erasure-decay rate. This is attributed to
diffraction from a complex grating having multiple Fourier components. A theoretical method is presented for
analyzing these types of data and obtaining information concerning the refractive-index modulation of each
component of the grating. Computer fits of small-angle-scattering patterns for each diffraction maximum are
shown to provide accurate values for the grting thickness and the grating depth. A comparison is made between
results obtained from this technique and those obtained by measurements of the scattering efficiency at the Bragg
angle with special attention focused on the importance of beam geometries in laser-induced grating experiments.

1. INTRODUCTION scattering efficiency that occur when sample properties,
such as defect content and temperature, are changed or

The photorefractive effect (PRE) is an extremely important when experimental conditions, such as grating spacing and
property for materials used in applications requiring the erasure-beam intensity, are changed.
transmission of laser beams. Holographic imaes can be Although recent advances have been made in obtaining
formed through the PRE for optical storage and information fundamental properties of the charge-carrier-defect dynam-
processing. On the other hand, the scattering of laser beams ice in some photorefractive materials,2-4 there is still much to
by the PRE inhibits the use of materials as waveguides and be understood about these processes, which are nonlinear
laser host crystals. Therefore it is important to have a because of the coupling between the electrostatic field and
detailed understanding of the physical processes underlying the migrating charges. These nonlinearities are bound to
the PRE so that materials can be produced with optimum produce complex grating shapes in the photorefractive me-
characteristics for specific applications. LiNbOl 3 is an im- dium.' One problem with the experimental method de-
portant material for numerous electro-optic and nonlinear- scribed above is that absolute measurements of scattering
optic systems applications. Although the general character- efficiencies are not sufficiently accurate because of addition-
istics of the PRE in LiNbO3 have been well documented,' al surface- and bulk-scattering processes as well as limita-
many specific details concerning the process are still not tions that are due to the angular distribution of the fields
understood. The research discussed here describes a new present in the probe and scattered beams. Also, nonlineari-
technique for obtaining information on the properties of the ties of the charge relocation within the volume of the crossed
PRE based on computer fits of small-angle-scattering pat- Gaussian beams make the assumption of a purely sinusoidal
terns. The results obtained on LiNbO3 crystals demon- grating with a well-defined Bragg condition highly question-
strate the detailed information that can be obtained using able for most conditions. Finally, the magnitude of the
this technique compared with other methods. In addition, scattering efficiency found from this type of measurement is
the theoretical analysis of the grating properties presented proportional to the square of the product of the grating
here is applicable to a wide variety of laser-induced grating depth and grating thickness. Thus, in order to obtain the
experiments used to study spectroscopic and nonlinear-opti- desired value for the grating depth, an estimate for the
cal properties of materials, grating thickness must be used. The latter can not be deter-

In the holographic technique, photorefractive patterns in mined directly by this experimental technique, and the ex-
the form of gratings are produced in the material by using act thickness of the grating is generally difficult to deter.
crossed laser beams. The information concerning the grat- mine.
ing has generally been obtained by monitoring the efficiency In the following sections, we describe a different tech-
of scattering a laser probe beam off the grating at the Bragg nique for obtaining detailed information about the proper-
diffraction angle or by measuring the decay time of the ties of laser-induced gratings. The gratings are established,
scattering efficiency while the grating is being erased by and the sample and experimental conditions are varied as in
another source of light. It is assumed that the grating is in a number of previously reported experiments.' However, in
the form of a purely sinusoidal pattern with a well-defined these studies, the complete small-angle-scattering pattern is
Brag condition so that a theoretical analysis of the data measured. The thickness of the grating can be obtained
gives the modulation depth of the refractive-index grating. directly and accurately from analyzing these patterns, and a
The properties of the charge-carrier generation, dynamics of value can be determined for the index-of-refraction modula-
relocation, and trapping underlying the PRE that produces tion depth. In addition, details concerning the shape of the
the grating are determined by measuring the changes in grating can be obtained with this method that cannot be
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obtained by the methods used previously. In Section 4 the where o,, o, and E are, respectively, the permeability, conduc-
results of applying this technique to LiNbO3 crystals under tivity, and dielectric constant of the medium. Let the E
different experimental conditions are presented. It is field be monochromatic with angular frequency w and let the
shown that nonsinusoidal grating patterns can be important time variations of the dielectric constant and conductivity
in determining the photorefractive properties of the materi- be slow compared with time variations of the field. Then in
aL Eq. (1) the third and last two terms may be disregarded. If,

in addition, the incident light is polarized perpendicular to
THEORTIMCAL DEVELOPMENT the plane of incidence, only the y component of the E field.

2. T Ddenoted by E(x, z), will be of interest. This obeys the Helm-

In this action the expression describing the diffraction effi- holtz equation
ciency of light by a nonlinear optical material who" dielec- (v2 + k)E(z, z) - 0, (2)
tric constant and conductivity are aperiodically spatially
modulated is derived. In general, the aperiodic modulation where the complex propagation constant h is given by
of the material constants cannot be accurately described by kt = 2 - (3)
a simple sinusoidal pattern with a single spatial frequency.

The complex grating are better described by the superposi- The dielectric constant and the conductivity in the modulat-
tion of several sinusoidal patterns with different grating ed region are written, respectively, as
vectors. Clearly, with two or more grating vectors present N
simultaneously, it is not possible for a given incident bem to - # + 4c K,.
satisfy Brag's condition for all the grating vectors at the I
same time. Light scattering off Bran's condition has been .-

analyzed by Kogelnik' for the case of a single-grating vector a
(Le., a sinusoidal grating), and it is important to determine " €0 + U oo K9,. ,(4)
whether his results are valid for the various diffraction maxi-
ma that appear for multicomponent gratings. To justify where the summation over i contains the N terms needed to
such a procedure and to go beyond this level of accuracy describe the grating modulation, x - (x, y, z) is a position
requires explicit consideration of diffraction by a nonsinu- vector, K K (sin 0,, coo o) is the grating vector of the ith
soidal grating, which is the subject of this saction. Roughly modulation component, and ii and vi are the cosine trans-
speaking, the basic qualitative conclusion of the present forms associated with the K contribution to the spatial
study is as foilow. If the modulated index-of-refraction modulation of the dielectric constant and conductivity, re-
pattern is resolved into its Fourier components as character- spectively, and may themselves be time dependent (albeit
ized by different grating vectors, then, under the Bragg con- slowly compared with the field time variation).
dition for a given grating vector, the diffracted light is largely
independent of the other grating vectors, but off the Bragg
condition the diffraction is influenced by the presence of the
other grating vectors. It is shown that this feature is borne
out by experimental observations. Insofar as the present
study represents an extension of Kogelnik's theory, his no-
tations will be followed with as slight modifications as possi-
ble.

The situation to be studied is shown schematically in Fig.
1. An incident light beam R is brought into a medium
containing a photorefractive grating. The average dielectric
constant and conductivity of the medium are e and a, respec-
tively. Let the z axis be chosen normal to the surface of the
medium, let the x axis be chosen in the plane of incidence, A --
and let the material be infinite in extent in they direction (so C AXIS
that no physical quantities involved have any v depen-
dences). The incident light enters a region (0 S z S d)
where the material constants are modulated and emerges as
St. S2 after suffering changes in the propagation direction. 4cO,.x G __

Actually the experiments to which the theory is intended
to apply can be carried out during the erasure time of the
grating. This means that the dielectric constant and the
conductivity of the medium are not only spatially modulated
but can also be time dependent. Under such circumstances -.-

Maxwell's equations, together with Ohm's law, dictate that
the behavior of the electric field E associated with the light is R \ S 1
governed by - S2

v 2 E - uga(E/t) - (?v/1t)E - ut8E/Bt2) Fig. 1. Beam geometry for writing and reading laser-induced grat-
- 2g(a/et)(aE/lat) - (a 3 /t 2)E - 0, (1) ings.
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Related to these modulations are the modifications of the N

index of refraction and the absorption constant of the medi- R' - 2irR' - 2iVarR + 29 i S 0,
um. If one denotes the index of refraction by

N Si- - 2isiSi - 2iaO,8S + (012 - s ,)S + 2xi$R - 0, (14)

n = no + I An coe(K • x), where i runs from I to N and the primes indicate derivatives

with respect to x. Equations (14) indicate that the energies
where no is the average value and An' is the change in the associated with the incident and diffracted waves can be
index of refraction that is due to the ith modulation, and depleted through absorption, that there is a direct energy
similarly denotes the absmption constant by interchange between the incident and diffracted wave

N through the coupling constants, and that there is only an

a - ao + Aa, em(Kl, .), indirect energy interchange between the diffracted wav
i.I through sharing the same incident wave (R). Following

Kogelnik's analysis, we neglect the second space derivatives
then, under the conditions of weak modulations, of the R and Si fields, which is justified insofar as the field

no o, %1/, An, - ti/2.01t (5) envelopes change slowly. This approximation leaves us
with a set of differential equations of the form

and N

ao -cj,, 0/2e 0t , icp i/2c0 ". (8) -2fr-aOdR+2,8 IjS, 0.

On introducing the average propagation constant 0 through -2 .S - 2ia0#S, + (02 - a,2)S, + 2xR - 0. (15)

0 -2weom/- 2rnk (7) In the first of Eqs. (15) the second term originates from the

where A is the wavelength in vacuum, and the coupling con- absorption of the fields propagating in the lossy medium,
sUMts K through while the third term describes the coupling between the R

and Si fields. Similarly, in the second of Eqs. (15) the
-i M (l/4)[2rei/A40

12) - i(cs-lu'4"')I second term is due to absorption, the third term is due to
- rAn,/ - iAaI2, (8) pham changes of the wave diffracted from the grating, and

the fourth term in due to the coupling between the R and S,
Eq. (3) may be rewritten as fields. The term describing the phm change that is due to

N diffraction reflects only directional relationshipe among
k2  02 - 2ia00 + 2#xc[exp(K. • x) + exp(-tI. - x)]. probe, diffracted, and grating wave vectors At the same

s-i time, the terms describing the coupling between the R and S,
(9) fields are dependent on the coupling constant x, which de-

pends on the depth of the index-of-refraction grating (both
The electric field inside the modulated region of the pho- real and imaginary parts). Thus the validity of simplifying

torefractive material is the superposition of the incident and Eqs. (14) to Eqs. (15) requires that the second derivative R"
diffracted waves: must be smaller than 20 IN, xiS, and that the second deriva-

N tive S," must be smaller than 2xOR. These conditions setup
E - R(z)exp(-ir - x + S,(z)exp(-ies. x). (10) a lower limit on the refraction-index depth (or coupling

parameter K,) for which Eqs. (15) can be used to give a

Here r - 0(sin 0,0,cos 0) is the propagation vector of the physically meaningful description of observed diffraction

incident wave; sj are the propagation vectors associated with patterns.
the diffracted waves and are related to the incident wave Equations (15) can be rewritten in the following form:

vector through the grating vector K, N
¢ t' + aoR - -i ,s S, (16)

ei n r 1" k, (1

withCartesiancomponents(0sin-Kisin*o,0,0co -Ki c,,Si'+ (ao+i )S - ixR, i-1,2,.... (17)

cos #). The condition for exact Bragg scattering for grating where cR - r,/0 - cos 0 is the direction cosine with respect to
vector K, is specified by the normal of the incident light and c&j = sz/0 = coo s - K

20 cos(Oi - OB) - K (12) co #/0. These equations are supplemented with the
boundary conditions

for angle 6 - OB, while a convenient measure of the departure
from this exact condition is given by the dephasing parame- R(0) - 1, S,(0) - 0. i - 1.2,.... N. (18)

tars , defined by Equations (16)-(18) constitute the basic equations for deter-
, (02 - 8s1)/2,. (13) mining the diffraction efficiencies 71, in the directions of a,.

With the incident-wave amplitude normalized to unity and
These are zero at exact Bragg condition for K,. the power flow being normal to the surface, the requisite

Substituting Eqs. (9) and (10) into Eq. (2) and comparing diffraction efficiencies, which are the fractional energy flows
the terms proportional to exp(-ir - x) and exp(-is, - x), the associated with the diffracted waves on emerging from the
equations for the complex-wave amplitudes become modulated region, are given by
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v, - (cs&/CR)S0(d)S(d). (19) -'. 
= (1/ 2)(-(a0/ct) - (ao/c,) - i(r/c.) * 1[(ao/CR) - (ao/o,)

Since the shape of the grating is not known a priori, the - i(rl/c,)]2 - 4(,,2 + X,2 )/(CRC,)IV2). (24)
knowledge of the number of coupled differential equations
in Eqs (16) and (17) to be solved is not available. Even if For comparison of these theoretical predictions with ex-

that were known and the required number of equations were perimental results, some geometrical simplifications consis-

solved exactly, the final results would be too complicated to tent with typical experimental situations can be imposed.

be physically tranmsparent and useful. Thus it is more ad- Consider the first cae treated above and let K I and K2 He

vanteso to solve them approximate Mw procedure along the same direction (eg., the caxis of a LiNbOs crystal)

for approximate solutions may be illustrated by consideing perpendicular to the normal as shown in Fig. 2. Then ot -
the situation in which two grating vectors, Ki and Kt, are #2 - r/2 and ci - t - c .2 - coo e. Introducing the dimen-

pertinent. The extension to other situations is obvious. sionlass coupling constants

Two cases may be distinguished. The first case occurs , = d/coe 0 (i - 1, 2) (25)-
when one diffracted wave (say, S) takes precedence over the
other (S2). This happens if xi > x2 or when the coupling and the dimensionless dephasing parameters
constants are comparable if the Bragg condition for K is -d ),
nearlyfulfilled. In this case it is permissible to ignore all the -

= ,d/(2 coee) (i-I, 2), (26)
Si terms in Eq. (16) except St. The resulting equation to- where r' - AK coo 0, the expression in Eq. (20) for the
gether with the two Eqs. (17) (for - I and 2) can then be amplitude of th co r wate ernat th exit surface becomes
solved. The solutions that are in accord with the boundary
conditions of Eq. (18) are SI(d) - -i exp(-a d/coe 9 - ij,)[sin(,,2 + .,2)1/91/

SI(z) - Iu/(c*1 (X. - X.)]I[exp(X )-exp(V.?)], (20) [1 + i,912. (27)

S 2 (z) - IixrAciS. - X)INI(ao + CRt\b)/ The diffraction efficiency is then given by

(C" + a + ir)1J'exp(X.z)

- [(ao + cR.)(,CA4 + ao + i 2)JexpOI) " P 2t/( 2 + Vi)exp(-2aod/cos O)sin2(p,2 + j2)iI . (28)

- ( o + c1 X1 )I(c"AX + ao + ir') For the second spot, the wave amplitude at z - d is
- (ao + cWpc)/(a, + ao + ir2)1
x exp(-(ao + ir2)z/c ,JI, (21) S2(d) - (1/2)[r(2/Q 2 + V,2)V9] -aO /cog 9)

where X JA expf-if1 + i(Q2 + vi)V9]

X - (1/ 2 )(-(aO/c) - (to/Ca) - i(r 1/c,) * l[(ao/ca) + B exp[-if - iQ 1
2 + ,2)I

- (ao/c.,) - i( 1 /c, 1)J - (4Kci/cc,I)l"2). (22) - (A + B)exp(-i2 2 )1, (29)

Note that the expression for S, is identical to Kogelnik's where
result for the amplitude of a singly diffracted wave but that A _ [%2 +.v 2)In + tJ/[QI - 20 - q2 + 2)/ (30)
the S2 result is different.6 Thes results provide the quanti-
tative basis for the statement made earlier that, under the B - [(%2 + ,1

2)112 - ,I/[(, - 2) + (k,2 + V1
2)I2 . (31)

Bragg condition for a given grating vector, the diffraction is
largely independent of the presence of other grating vectors, The diffraction efficiency for the second spot is
and the same is not true for scattering off the Bragg condi-
tion. Sinm Eqs. (16)-(18) are symmetric with respect to an
interchange of subscripts l and 2, the situation opposite L
what has just been described is realized if e i ai, or when
the coupling constants are comparable, if the Bragg condi.
tion is fuliled for K2. The solutions for this situation are
obtainable from Eqs. (20)-(22) by interchanging subscripts -
land 2. I
The final case to consider is when the departure from the z 0.5

Bragg condition of the coupling constants and phasm for the
two grating vectors is comparable. Under these conditions, z
,K, 'W ,2, Cot ". C.2 a C., and r' , -' r2 ar, and the solutions to Eq-. .! ,

(16)-(18) are

Si(Z) -0i1Cn)A/- V 'II[(. + -YbRVCt(cj1Y, + ao + Low,) 0.0 ~ o
X ezp(-,.z) - [(a o + Y.CR)/(C1b + ao + ir)ep(-'yz) - . 0 0.0 + . 0
((-(o + -'fbc)/(aWY. + ao + iO) - (ao + y.cR)/ ANGLE (DEG.)

Fig. 2. Computer-simulated small-angle-scattering patterns for 09
(¢,% + ao + if)Iexp[-(&0 + i')z/c,]J, (23) a 30 and d - 400 om. The broad dashed line is for An - 4 X l0-4,

the short dashed line for 4n - 3 X 10-4, and the dotted line for in -
with i - 1, 2 and 2 X 10-'.
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2 _ [,2/( t + a,1 )exp(-2aOd/cos 0)(A(A + B) tered wave becomes concentrated in a well-defined region at

x sin2 [2 - + ( 2 + 12 /]/21 the Bragg angle. In the limit of an infinitely thick or infi-
nitely deep grating, the scattering pattern has the form of a

+ B(A + B)sin2 [2/ 2 - j, - ( 2 + P12) 2]/2) delta function in the direction satisfying the Bragg phase-

- AB sin2 ( 1
2 

+ V1
2 )^1 ). (32) matching condition. For most real experimental situations,

laser-induced gratings will produce scattering patterns with
At the exact Bragg condition for K, or when i << P1, Eq. (32) a significant amount of intensity at angles slightly varying
is reduced to from 0& Since the probe and signal beams are never per-

- ['2/Nit - ')j x(- d/e 9) fectly collimated, it is important to determine how the signal
l~- men by a detector with a small acceptance angle compares

* 114*/(2*2 + u,)]sin1[(242 + ,V)12] with that predicted for perfect Bragg scattering. This com-

+ [42/(2*2 - v1)jsin1[(2f 2 - vi)/21 - sin 2,11. (33) parison is shown in Figs. 4 and 5 as a function of grating
depth and grating thickness, respectively. The scattering
efficiency at the Bragg angle is found from Eq. (28) to be

3. COMPUTER SIMULATIONS is - exp[-2aod/cos 8a]sin2[(rAnd/(A cos OB)]. (34)

In this section we focus our attention on the properties of The scattering efficiency averaged over a small angle ad
lossless phase gratings predicted by the theoretical model around the Bragg angle is
described above. Most of the conclusions drawn from this
analysis are applicable to (or have analogous cases for) am- (71) = YI(9)dFA/(24), (35)
plitude gratings having purely imaginary coupling constants fm-0

sq, and for combined amplitude and phase gratings where the where O() is given by Eq. (28). The curves in the figures
x, are complex numbers. In the case of a phase grating, the were generated for AD - * 0.025* and a Bragg angle of 30.
coupling constant defined by Eq. (8) has only a real part, Figure 4 compares the dependence of scattering efficiency
which is related to the depth of modulation of the index of on grating modulation depth for a grating thickness of 400
refraction An by Eq. (5). The latter varies sinusoidally in a jm for a well-collimated probe beam versus a slightly con-
direction perpendicular to the z axis, thus producing a non- verging or diverging beam. For deep gratings, an oscillatory
uniform modulation of the phases of the electric field of the dependence is observed for both collimated and averaged
probe beam in this direction causing diffraction to occur. scattering efficiencies because of the interference effects of

Figures 2 and 3 demonstrate several different angular the phase-modulated signal contributions scattered from
diffraction profiles predicted by Eq. (28) under a variety of different parts of the grating. At smaller modulation
conditions relevant to our experimental studies of LiNbOj . depths, the curve for the collimated signal obeys the simple
These patterns are for the case of unslanted gratings close to relationship
the Bragg condition where the scattering is dominated by a
single spatial-frequency component of the grating. A Bragg 11B I jJ5 

2d2 , (36)
angle of 8a - V is assumed, and the computer-simulated which is frequently used in describing the results of laser-
diffraction patterns between :l*0 of the Bragg angle are induced grating experiments. It is interesting to note that
generated by Eq. (28). These are normalized to a peak the deviation from this quadratic dependence occurs above a
intensity of 1.0. scattering efficiency of 90%, indicating that the validity of

In Fig. 2 the grating thickness is fixed at 400 Mm, while the expression (36) is not limited to small values of na. For
modulation depth is varied between 2 X 10

-
4 and 4 X 10-4.  large values of In, the curve for the averaged scattering

The diffraction patterns all have a pronounced central peak efficiency follows closely the curve for qa. This is not sur-
with sidelobes on both wings. The shape of the central peak
is sensitive to changes in An. For a deep grating the central 10
peak is sharp, whereas the shallow-grating diffraction pat-
tern exhibits a broad, split central peak. The splitting of the
diffraction pattern that causes the maximum scattering to
occur off Bragg condition is a real physical effectT and nota . I

theoretical artifact of the computer-generated pattern. In I-
addition, for a given grating thicknes, the angular separa- I
tion of the sidelobes is constant, while their amplitudes "  I I
decrease with an increase in grating depth. . I i

The scattering profiles generated for a fixed grating depth - I
of In - 3 X 10- 4 and grating thicknesses between 300 and
500Mm are shown in Fig. 3. Again the width and the shape .

of the pronounced central peak change with changes in d. .. . "
For thick gratings the central peak is sharp, whereas thin 0. 0
gratings produce a broad, split central peak. In addition, 1 . 0 0. " . 0
both the amplitude and the angular separation of the side- RNGLE (DEG.

lobes are strongly dependent on the grating thickness. Fig. 3. Computer-simulated small-angle-scattering patterns for 08
- 30 and .un - 3 X 10-4 . The broad dashed line is for d - 500 sm.

The computer-generated diffraction patterns show that, as the short dashed line for d - 400 urn, and the dotted line for d - 300
gratings become deeper or thicker, the intensity of the scat- Am.
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i~e is due to the simplificationa made in deriving Eqs. (14) and
(15), in which the second derivatives of the fields R' and S'

Iwere neglected compared with the coupling constant c,.

. Figure 5 compares the dependence of scattering efficiency
l ' on grating thickness for a grating of depth An - 1.0 X 10- 4

for a well-collimated probe beam versus a slightly diverging
U.. or converging beam. The angular average is spin taken for
,., At - *0.025* around OB - 3*. For thick gratings both ia

and (q) show an oscillatory behavior that is due to interfer-
ence effects of light scattered from different parts of the
grating. For thin gratings both Is and (n) vary quadratical-
ly with d, a predicted by expression (36). The magnitude

E for the angular average scattering efficiency is greater than
n the exact Bragg scattering efficiency because of the splitting

of the central peak The smaller the value of d, the greater
the range of An for which expression (37) will be valid.

! io-* 0. o-l 0" o-10" 10-2 The above discussion of computer-simulated scattering
results shows that the simple expression given in relation

GRATING DEPTH (36), which is generally used to interpret scattering data
Fig. 4. Computer-simulated scattering efficiency a a functi of from laser-induced gratings, is valid only for restricted con-
grating depth an for j - 3 and d - 400 sm. The broken line is for ditions. One condition is having a simple sinusoidal grating
exact BErg scattering, and the dotted line is the average value
*0.025" about #. that is produced only if the laser beams writing the grating

are exactly collimated beams with uniform intensity
1. 0 throughout the region to be probed and if the charge-reloca-

tion dynamics are simple enough to replicate the shape of
the laser-interference pattern. Another condition is having
the modulation depth and thickness large enough to have

zmost of the scattered light concentrated in the central Bragg
Li 'peak but not so large that interference effects occur from

light scattered from different parts of the grating. In addi-
ct, tion, the probe and signal beams must be well collimated so
LO Ithat the detector sees only light scattered at the exact Bragg10 -2

condition. Finally, fitting the curves obtained from angular
scattering-pattern measurements provides a method for ob-

U.1 taining accurate values of grating thickness as well as grating
--- (- depth. This cannot be found from the results of Bragg
Uscattering-efficiency measurements. In the Section 3 ex-
nperimentally measured scattering patterns are reported and

compared with these theoretically predicted patterns in or-

1 . - ' " der to determine the physical properties of the gratings.

GRATING THICKNE5 m) 3. EXPERIMENTAL PROCEDURE
Fig. 5. Computer-simulated scattering efficiency as a function of
grating thickness d for Os - 3* and an - 1 x 10-4. The broken line Samples of good-optical-quality single crystals of poled
is for exact Bragg scattering, and the dotted line is the average value LiNbO obtained commercially were used in this :nvestiga-
*0.0251 about fa. tion. This was nominally pure material containing a total

concentration of transition-metal-ion impurities of between
prising, since for deep gratings most of the light is scattered 25 and 50 parts in 106.
in the Bragg direction, leading to Photorefractive gratings were established and probed us-

(37) ing the experimental setup shown as a block diagram in Fig.
6. The 442-nm emission from a 16-mW He-Cd laser was

However, at small values for An, (q) deperts from the qua- used to write and erase the photorefractive holograms. The
dratic dependence predicted by expression (36) because of 633-nm emission from a 6-mW He-Ne laser was used to
the splitting of the central peak as seen in the diffraction probe the grating without damaging the hologram. The
patterns. Averaging the signal over small angles around the scattered signal beam was detected by an RCA C31034 pho-
Bragg peak includes more of the scattered light intensity tomultiplier tube and recorded with the help of a lock-in
than seen at the exact Bragg angle, leading to amplifier to improve the signal-to-noise ratio.

In these experiments the write beam was split into two
('i) > 'Pa. (38) components, which were superimposed inside the sample,

The curve in Fig. 4 tends toward a constant value of (q) for producing an interference pattern in the shape of a grating.
small An. Although the deviation from a quadratic depen- The charge relocation associated with the PRE in the peak
dence is real, the exact dependence shown is unphysical and regions of the grating reached steady-state conditions in 20

%

7 ' ' ', ', ' ', ,' 0 : ' >, ' ,:!-'7 ' ' ', ' " -'- '- '" "? ',",' '""+ " : "" " "-:' €," ' " a"-€;',
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_.t.. --- 4..._ , transport induced by the interaction between the light inter-
ference pattern and the space-charge field, which is built up

= .by the charge relocation. Different erasure times of the

I - -' f I different frequency components of the grating are observed
. . by meauring the different time dependences of the three

-' "-"scattering maxima under uniform illumination of the sam-
- I pie, causing grating erasure.

Figure 7 shows examples of the small-angle-scattering
patterns around the three primary scattering maxima mo-
sured on LiNbO3 at a write-beam crosing angle of 2.50 and a
write time of 2 min. Computer fits to the observed data
were obtained from Eq. (28), treating the grating modula-
tion depth and thickness as adjustible parameters. A good

RECORDER fit is obtained from the scattering pattern associated with
the fundamental grating frequency, as shown in Fig. 7A.

Fig. 6. Block diagram of the experimental setup. He-Cd and This was obtained for values of An, , 3.48 x 10-4 and d -
He--Ne are the lasers used to write (and eras) and probe the grat- 370 wa and is e mlyes to the c of both
inp. respectively. PMT, photomultiplier tube. 370 im and is extremely sensitive to the choice of both

parameters. The fit between theory and experiment is
poorer for the pattern associated with scattering from the

sec to 15 min. The properties of the resulting holographic grating component associated with the first harmonic of the
grating were investigated by monitoring the scattering effi- laser-interference pattern, as shown in Fig. 7B. However,
ciency of the probe beam as a function of scattering angle, the best fit gives estimates for the depth and thickness of
This was accomplished by slight rotations of the base on this component of the grating as AM2 - 4.62 X 10-4 and d2 -

which the sample was mounted, which is equivalent to vary- 401 ism. The scattering from the grating component associ-
ing the angles of the probe and signal beams with respect to ated with the second harmonic of the laser-interference pat-
the induced grating. The details of this geometry are shown tern, shown in Fig. 7C, has an asymmetric central peak and
in Fig. 6. therefore cannot be described by Eq. (28).

The phase grating that develops in LiNbO3 because of the The results of comparing experimentally observed scat-
interference pattern of the laser beams originates from de- tering patterns with computer-generated patterns for multi-
trapped charges that migrate because of drift, diffusion, and Fourier-component gratings, as shown in Fig. 7, demon-
the bulk photovoltaic effect.' As a result of this charge strate that the assumptions underlying the derivation of Eq.
transport, a periodic electrostatic field develops inside the (28) are valid for scattering from the fundamental grating
crystal, causing a modulation of the index of refraction of the
material. However, the coupling between the static electric
field and the velocity of the charges in the crystal leads to . .

nonlinearities in the charge-transport characteristics, which
can cause the final shape of the refractive-index grating to be
significantly different from the sinusoidal interference pat-
tern of the crossed laser beams.

Additional properties of the PRE in these samples were1studied by monitoring the erasure of the holograms and by a/

comparing the scattering properties for holograms with dif- -AI

ferent grating spacings. Erasure was accomplished by in- --.

serting the movable mirror in the path of the He-Cd beam,
as shown in Fig. 6. This produced uniform illumination of
the sample, which relocated the trapped charges in a random
distribution, thus erasing the photorefractive grating holo- U ... .. .

gram. To avoid problems with partially erased gratings, the-"..... ..
samples were thermally annealed in air at 500C for I h after
each measurement of the diffraction pattern.

C

4. EXERMENTAL RESULTS .-

The diffraction pattern developed in LiNbO3 as a result of " "

charge relocation induced by the interference pattern of the
laser write beams was observed to consist of three primary -it ' 0N -1.0
maxima. The directions of these three diffracted beams *l DEG.'
show that they originate from different spatial frequencies Fig. 7. Small-angle-scattering patterns around the three scattering
contributing to the refractive-index grating consisting of the maxima for LiNbO, after a 2-main write time at Aw - 2.5*. The
fundamental, first, and second harmonics of the write dotted lines are the experimental measurements, and the solid lines

are computer-simulated fits to the data. A. First spot n - 2.8: d -beams'interferene pattern. The presence of theharmonic 370 im; .n-3.48x 10". B. Second spot ds , 4.69; d - 401um;frequencies is caused by the nonlinearities in the charge n, - 4.62 X 10
-4
. C, Third spot $a - 6.3".

~D
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wings of the pattern with nondecaying amplitudes. This
type of pattern is predicted by Eq. (32) describing the case of
a grating with two spatial frequencies probed off Bragg con-
ditions and with comparable coupling constants for the
probe and scattered fields for both grating components.
This effect appears to a smaller extent in the pattern shown

9. in Fig. 7B. However, the pattern in Fig. 7A exhibits the
predicted decaying amplitude sidelobes, indicating that,

Xnear Bragg condition for scattering from the grating fre-
quency component associated with the fundamental of the
write-beam interference pattern, the effects of scattering
from other grating frequency components are negligible.

The results discussed above indicate that deviations from
theoretically predicted scattering patterns will be observed

I. when the interaction between the migrating charges and the
- AO .1.0 electrostatic field is strong. This will occur for deep gratings

(DEW.) and those with small spatial frequencies. The experimental
Fig. 8. Small-angle-scattering pattern for the first spot in LiNb03  conditions producing these conditions are long write times
after a 15-min write time at w = 8. ea 7.- . and large write-beam crossing angles, respectively. Figure 8

shows an example of a scattering profile obtained after writ-
ing a grating for 15 min at a write-beam crossing angle of
8.00. The asymmetry of the pattern and the strong side-
lobes resemble the shape of the pattern in Fig. 7C. Again,
this can be attributed to phase-correlated contributions as-
sociated with scattering originating from different spatial-
frequency components of the grating interfering with the
scattering from the fundamental component near its Bragg

A condition.
One way to reduce the interference effects produced by

scattering from multi-Fourier-component gratings is to cre-
ate gratings with only a small population of charge reloca-
tion. This can be accomplished by reducing the writing
time of the gratings. Figure 9 shows the small-angle-scat-
tering patterns obtained for small amounts of charge reloca-
tion. For the small-write-angle results shown in Fig. 9A, a
write time of 2 min could be used and still produce a good fit
between the experimental results and the predictions of Eq.
(28). For longer write times, discrepancies between theory
and experiment begin to occur. Figure 9B shows similar
results for a larger write angle. In this case the good fit
shown between theory and experimental results could be
obtained for write times of only 20 sec or less. This demon-

-10 strates that the smaller grating spacing produced at larger
* (DEG.) write angles results in significant electrostatic field effects

Fig. 9. Small- -cattsring patterm for the rst spot in for smaller numbers of charges relocated compared with the
LiNbO3. A. Ow - 2.50; 9. - 2.79"; An - 3.48 x 10"4 d - 37 0 gm; effects seen for gratings with larger spacings.
writetimeia2min. B. Ow - 8": OB - 7.5"; An - 4.4 X lOt d - 300
om; writs time is 20 see.

S. SUMMARY AND CONCLUSIONS

The analysis of the total angular scattering patterns from
component but become less valid for scattering from pro- laser-induced refractive-index gratings in LiNb0 3 reveals
gressively higher-order frequencies of the grating. This is intensity maxima in several directions associated with scat-
because the nonlinear interaction between the migrating tering from different components of a multi-Fourier-compo-
charges and the induced space-charge field is greater for nent grating. This is not a surprising result, considering the
higher spatial frequencies. This results in a greater depar- complexity of the charge-relocation dynamics in this materi-
ture from a sinusoidal grating shape that breaks down the al. 3 but it has not been investigated previously. Extension
assumption that the probe and scattered waves couple of Kogelnik's theory to a two-frequency-component grating
through a single frequency of the Fourier series of the refrac- predicts that the scattering efficiency at exactly the Bragg
tive-index grating. The experimentally observed pattern condition for one component is not significantly affected by
shown in Fig. 7C has large phase-correlated contributions the presence of the other components, but scattering at
associated with scattering from different spatial frequencies other angles shows interference effects associated with scat-
of the grating. These show up as the large oscillations in the tring from different grating frequency components. Anal-

ti
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ysis of the small-angle-scattering patterns around the multi- have important consequences in any of these experiments or
pie-scattering maxima observed for LiNbO3 shows this pre- applications.
diction to be true for the lowest-frequency grating
component but not for the highest-frequency component.
In the latter case, a more rigorous theoretical treatment is ACKNOWLEDGMENTS
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The properties of laser-induced gratings were characterized in doped LiNbO 3 crystals using
small.angle scattering pattern analysis, the analysis of erasure decay patterns, and two-beam

mixing The results show the usefulness of each of these types of experimental techniques in
obtaining different type of information about the photorefractive response of the materiaL The
samples investigated included crystals doped with copper, erbium, magnesium. and hydrogen.
The results obtained on a seres of Mg-doped crystals showed a strong increase in the charge
relocation rate at high concentration levels resulting in a decrease in the grating modulation
depth. The results of the two-beam mixing experiments are consistent with increased
conductivity in the samples with high Mg concentrations.

1. INTRODUCTION doped materials. The impurity ions in the former category

There is currently a renewed interest in understanding include Cu and Er, while those in the latter category include

the details of the photorefractive effect in LiNbO3 crystals Mg and H'. Emphasis is placed on the variation of the PRE
because of the potential use of this material in optical switch- properties as a function of Mg concentration since

ing. storage, waveguide, and phase-conjugation applica- LiNbOl3:Mg crystals are finding important applications for
tions. Although the general properties of the physical mech- "photorefractive-free" materials.5 6

anim leading to the photorefractive response of the materal
are known to be associated with light-induced charge reloca- I. EXPERIMENT
tion, Ithe individual processes of defect ionization, charge Eleven samples were used in this investigation. Five
migration, and trapping have not been well characterized. In samples were cut from a boule of "nominally pure" LiNbO3
order to produce material with the desired photorefractive obtained from Crystal Technology which contained a total
response for a specific application, it is essential that these concentration of transition-metal ion impurities of between
processes be understood. Since the photorefractive effect 25 and 50 ppm. One of these was left undoped while the other
(PRE) is an extrinsic property, it is necessary to investigate four were doped with H* by heating them to 240 "C in sealed
how different types of defects alter the photorefractive re- tubes containing benzoic acid for varying amounts of time
sponse of the material. ranging between two and fourteen days. These crystals were

The laser-induced holographic grating technique pro- then annealed at 400 C for six days in sealed tubes and then
vides a powerful method for investigating the properties of annealed in air for nine days at the same temperature. This
the PRE in a material." We recently used this technique in procedure has been developed for H ' exchange with the Li
two different types of experimental studies of "nominally in producing waveguides with controlled changes in the re-
pure" LiNbOW3 crystals. The first was an analysis of the dy- fractive index of the material.' -9 Crystals of LiNbO3:Cu (0
namics of the erasure decay of the holographic gratings wt. %) and LiNbO3 :Er (0.05 wt. %) were also obtained
which provided information concerning the charge reloca- from Crystal Technology. The remaining samples were ob-
tion rates and trap densities contributing to the PRE after tained from Union Carbide and contained four different con-
different thermal treatments. 3 The second was an analysis of centrations of MgO ranging from 1.8 to 8.8 mol %).
the total angular scattering patterns from the holographic The details of the experimental procedures used in this
gratings which provided information concerning the grating work have been described previously. 3"4 The gratings are
depths and widths as well as showing the presence of multi- formed by crossing two laser beams in the sample from a 16-
pie Fourier components under different grating writing con- mW He-Cd laser at 442 nm, and probed by a He-Ne laser at
ditions.' The information obtained in both types of experi- 632 nm. The light-induced charge relocation reached
ments is important in obtaining a complete understanding of steady-state conditions in times between 30 s and 2 min de-
the photorefractive process in the material. In addition, two- pending on the sample, laser intensity, and crossing angle of
beam mixing is a useful method of characterizing the trans- the write beams. The gratings can be erased by a single beam
port properties of photorefractive materials.' from the He-Cd laser. To analyze the grating decay dynam-

In this paper we extend the measurements of the erasure ics, the decay of the intensity of the scattered probe beam
decay analysis, scattering pattern analysis, and two-beam under Bragg scattering conditions is monitored as a function
mixing to the study of doped crystals. Since it is known that of time during erasure. To analyze the shape of the angular
impurity ions can either enhance or decrease the PRE in scattering patterns, the scattering efficiency of the probe
LiNbO3 , we have investigated the properties of both type of beam was monitored as a function of scattering angle. To ,

characterize the two-beam mixing properties, the changes in

Permanent address: Departmento de Optics y Estnctura de [a Materia. the intensities of the two write beams were monitored as a
Universidad Autonoms de Madnd. 28049 Madrid. Spain. function of time after exiting the sample.
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4 hances and Mg significantly decreases the absorption coeffi-
cient of the material at the wavelength of the He-Cd laser.

_____ _ This implies that light absorption in LiNbO,:Cu crystals can3 produce Cu+-Cu 2+ valence changes contributing to the
2 photorefractive response while the Mg 2 ' valence state re-

mains unchanged by light absorption. The presence of H
causes little change in the absorption of the host crystal at
the wavelength of the He-Cd laser. The LiNbO3:Er sample

.... shows additional absorption bands associated withf-! tranai-
.100 "tim of , but thee is no evidence that these play any
,. 8o direct role in changing the photorefractive response of the

E Go material.
-40

III. ANALYSIS OF ANGULAR SCATTERING PATTERNS
31 The information concerning the details of the laser-in-
2 0duced grating is obtained by generating a computer fit to the

angular scattering patterns measured by the procedure de-
scribed above. The theory for generating the computer fits to
the data was derived in detail in Ref. 4. This is based on the

0.2 theory of KogelnikI0 extended to include the possible pres-
3 _________0_ _' ence of two components to the grating described as the su-

4850 70 850 perposition of two sine-wave patterns with different wave
A (nm.) vectors. By resolving the refractive-index grating into its

FIG. 1. Absorption spectra of (A) LiNbO3:H'. (D) L~ (C) Fourier components, it was shown that under the Bragg

LiNbO:Cu. (D) LiNbO 3:Er and (E) LiNbO3 :M , b scattering condition for a given grating vector, the diffracted
light is essentially independent of the presence of the other
Fourier components of the grating, but outside the Bragg

Figure 1 shows the absorption spectra of the five types of condition interference effects among the different grating
samples used for this investigation with the broken vertical components influence the shape of the scattering pattern.
lines indicating the wavelengths of the laser beams used to The expression derived for the scattering efficiency of a
write and probe the gratings. Note that Cu significantly en- specific Fourier component of the grating is4

,?= {(&An )I2 / [ (An) 2 + (ApA sin 0. cos0a) 2] }exp[ - (2ad/cos 0)]

xsin2 ([ (A rAnd)2 + 2(irAOA,d sin OD cos 90 )2]/(A,A. cos 0)2}1 /2. (1)

I

Here, A . and A,. are the wavelengths of the write and probe side lobes, and the angular separation of the side lobes are
beams in the crystal, An is the grating depth (laser-induced approximately the same for the H ' -and Mg-doped samples.
change in the refractive index), d is the grating thickness, a However, these characteristics change significantly for the
is the absorption coefficient at the wavelength of the probe Er and Cu samples, as seen in Fig. 2. The values of An and d
beam, and 0 = 08 + A8 where 0 is the scattering angle and obtained from fitting Eq. (1) to the experimental results are
0, is the Bragg angle. At Bragg condition this reduces to listed in the figure caption.

. = exp[ - (2ad)/cos O, ]sin2 [ (rAnd)/(A, cos 0,) ]. One result of special interest is to determine how the
laser-induced refractive-index change varies with concentra-

(2) tion of H and Mg under similar grating formation condi-

This shows that for small arguments of the sin function, the tions. These results are shown in Fig. 3. For both sets of
scattering efficiency is proportional to (And) 2. samples, the grating thicknesses ranged between 688 and 624

Typical results of the analysis of angular scattering pat- /im for the patterns analyzed. The H -doped samples exhib-
terns are shown in Fig. 2. These were obtained for the stron- ited a decrease by a factor ofabout 0.6 in An compared to the
gest diffraction spot using a write beam cr.Ysing angle of 4". value obtained for the "nominaly pure" sample, and ap-
For the Mg- and Hf'-doped samples, writc times of 2 min peared to saturate at this level for acid treatments of four
were found to provide the best scattering pattern, while 30-s days and longer. Small levels of Mg doping increase the mag-
write times gave the best patterns for the Cu- and Er- doped nitude of the laser-induced change in the refractive index,
samples. The shapes of the patterns in terms ofthe widths of but at high concentration levels An is reduced by a factor of
Bragg peaks, the intensities of the Bragg peaks relative to the about 0.03 of its value in the "nominally pure" sample.
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A final experiment was performed on grating erasure in
~' ' "nominally pure" LiNbO3 . Gratings were formed at 4! write

beam crossing angles and write times of I min. Scattering
patterns were recorded after partial erasure times of between
0 and 3 min. Computer analysis of these patterns was per-
formed to determine the variation of An and d as a function
of erasure time. For short partial erasure times, the product
of (And)2 was found to decrease with time in the same way

A -. \ .--- as the scattering efficiency at Bragg condition, as predicted
theoretcally. However, at longer partial erasure times q
continues to decrease with time while the value of (And) 2

obtained from scattering pattern analysis becomes indepen-
dent of time. This represents a lower limit of the sensitivity of.6,

depths." The value of An at which this limit occurs depends
_- ton the grating thickness and grating fringe spacing.

IV. ANALYSIS OF GRATING DECAY DYNAMICS IN
UNbO 3:M9 CRYSTALS

In addition to knowing the effects of specific impurity
ions on the thickness and modulation depth of laser-induced

c , gratings, it is important to determine the mechanisms
------. through which the impurity ions are affecting the PRE in the

-1.0 " . +1.0 material. This can be associated with changes in the charge
G (DEG.) migration, trapping, or detrapping rates and can be investi-

gated by analyzing the erasure decay dynamics of the scat-
FIG. 2. Measured angular scattering patterns (solid lines) and computer tering efficiency at the Bragg condition.' Because of the ef-
simulations (broken lines) for doped LiNbO. (A) Cu doped, fectiveness of Mg in changing the PRE in LiNbOW3, we
An = 1.08Xl1-. d -97 lns. (B) Erdoped, An - 5.5X 10-, d =600
lim. (C) H' doped. An = 4.03X 10- ', d = 688/Am. analyzed the grating erasure decays of the four samples with

different concentrations of Mg.
The approach used in this analysis is based on a model

developed by Feinberg et al ." which assumes that the grat-
ing wavelength is greater than the charge relocation distance

Tlim.(Days) and that the relocation of charges can be described by a sin-
2 4 8 12 14 I gle parameter, the average charge relocation rate. The decay

of the scattered signal intensity during erasure is predicted to
be exponential with the decay rate given by

K = K o + K. sin 2(0/2). (3)

The first term describes the contribution to the erasure rate
due to the trapping and detrapping of charges and is inde-

8- pendent of the grating spacing. It is given by
-5 Ko = 2(RL )Nq 2/(E4/cT), where E and e, represent the

dielectric constants of the material and a vacuum,respective-
ly, k, is Boltzmann's constant, Tis the temperature, N is the

C average concentration of the photocarriers contributing to
C 4the PRE, and q is their charge. The charge relocation param-

4. -4 eter (RL) 2 is the product of the square of the distance over
- -- which the charges relocate, L, and the R is the rate of reloca-

• 3 tion. The latter is given by the product of the effective photon

density creating the free charge carriers and their diffusion
2" - coefficient. The second term in Eq. (3) is given by K,

= 2(RL 2)(41r/A) 2 . This describes the contribution to the
erasure due to charge relocation over the distance A/2,-.

0 1 twhere the grating wavelength is given by A = A /2 sin( 8 /
2

%of Mg(mol. %) 2 Information on the charge concentrations contributing

FIG. 3. Variation of An with Mg concentration (circles) and with H con- to the PRE and their relocation rate can be obtained by mea-
centration determined by the time used for the acid treatment (squares). suring the erasure decay rate of the scattered signal intensity
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0 4 8 12 0 4 12 FIO. 4. Vria ote erure decay rat of
laser-induced gratinp as a function of cros-b ing angle of the write beam for LiNbO,:Ms

8-8-with different dopn levels of Mg.

4 - 4 -

,,
~2 2'

• 0 4 8 12 0 4 8 12

sin 2 (9/2) (10- 3)

as a function of the crossing angle of the write beams used to versus Mg concentration. The greatest change in the reloca-
create the grating. The slope and 0---0* intercept of these tion rate occurs between concentration levels of 2 and 5
results give the values of Ko and KO, respectively. From the mol % MgO.
definitions given in the previous paragraph, information on These results show that the effect that large doping lev-
the charge carrier density and relocation rate can then be els of Mg have on reducing the laser-induced change in the
obtained. Figure 4 shows the data obtained on the four sam- refractive index in LiNbO 3 is associated with increasing the
ples of Mg-doped LiNbO3. The erasure was accomplished by charge carrier relocation rate and not with decreasing the
illuminating the sample with the He-Cd laser beam expand- concentration of charge carriers contributing to the PRE.
ed in the c direction to cover all the sample. The intensity of Since the same light intensity was used for obtaining the data
the erasure beam was approximately 90 mW/cm2 . The solid on each of the samples, and any changes in the relocation
lines in the figure represent the least-squares fits to the data. distance L should be reflected in changes in the concentra-
The values of Ko and K0 obtained from fitting these data are
listed in Table I.

The values obtained from this analysis for the concen-
tration of charge carriers and the charge relocation rate for
each of the four samples are also listed in Table I. The latter
parameter shows a significant increase with Mg concentra- 10
tion while no distinct concentration variation is observed for 0

the former. The concentrations of charge carriers contribut- U
ing to the PRE is approximately the same for the Mg-doped 0
samples as that reported previously for the "nominally
pure" sample, while the relocation rates are significantly 6
larger in the doped samples.' Figure 5 shows a plot of (RL 2) b

I 4

TABLE I. PRE parameters for Mg2 -doped LiNbOI.x

Mg concentration (tool %)

Parameter 1.8 3.6 5.0 8.8

K,, () 0,0026 0.040 0.059 0.057 0 2 4 6 8
K. s) 0.24 0.99 1.50 1.75 C.. ( MOl */a

N ( 0" cm') 0.7 2.5 • 2.4 2.0
RL: 10- cm: t- 2.0 6.1 9.3 10.8 FIG. 5. Variation of the charge relocation parameter as a function of Mg

concentration in LiNbO,.Mg.
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tics of defect centers contributing charges to the PRE, the
observed concentration dependence of the relocation rate 20

can be associated with changes in the diffusion coefficient of 0

the charge carriers.
T 1.0

V. RESULTS OF TWO-WAVE MIXING EXPERIMENTS IN U
UNbO.:Mg CRYSTALS

Charge relocation due to difusion forms a component o_
of the laser-induced grating which is out of phase with the
laser interference pattern. This causes energy transfer to oc-
cur between the two laser write beams as they go through the , ,
sample. Thus, monitoring this two-wave mixing effect can 1.0 20

provide information on the transport properties of the sam-
ple. To determine the effects of Mg doping on the charge A (p m)

transport properties of LiNbO 3, we performed two-wave FIG. 6. Two-wave mixing gain coefficient for a 5.0 mol % Mg-doped
LNbO, crystal as a function of grating spacing. The points represent ex-

mixing experimcnts on our four LiNbO3:Mg crystals and perimental results and the fine represents the prediction of the Kukhtarev
one pure crystal as a function of the grating spacing. theory.

The samples used for these experiments were all in a
well-oxidized state. The experimental setup was the same as the only material properties which effect the gain appear as a
that described previously except that no probe beam was ratio of the photoconductivity and dark conductivity. Tak-
needed. The intensities of the two write beams entering and ing these data from Huafu, Guotong, and Zhongkang, d v it is

exiting the sce e ywere monitored as a function of the cross- possible to calculate the gain as a function of fringe spacing
ingwith no adjustable parameters. This is shown as a solid line
poled c axis, the beams exiting the crystal with +- c and -. c wt oajsal aaees hsi hw sasldln
directional component were labeled the signal beam andthe in Fig. 6. The good agreement between theory and experi-

diretioal ompnen wee lbele th sinalbea an te ment confirm that the small transport length approximation
reference beam, respectively. The grating spacing was con- is sti a for concentrad M ed apprystals

trolled by changing the crossing angle of the two beams in is still valid for concentrated Mg-doped LiNbO3 Crystals-

the crystal. In order to avoid changes in the size of the cross-LiNb3
ing region for different angles, the reference beam was ex- crystals has been found to be about 6 times greater than that
pnded r on aout3min difen ater. e reference beams en- for undoped crystals. Thus, the gain predicted theoreticallypanded to about 3 mm in diameter. The reference beam en- o h noe apei uhsalrta o h evl

tered the sample with a power density about 50 times greater for the undoped sample is much smaller than for the heavily

than that of the signal beam. With these conditions, the ef- doped sample and the time to reach steady-state conditions
fects of the decrease of the reference beam due to energy for the beam intensities will be much longer for the undopedtransfer can be neglected. sample. This is consistent with our experimental observa-

transfr canbe negected
The magnitude of the beam coupling determined by tiois.

two-wave mixing experiments is generally expressed in VI. SUMMARY AND CONCLUSIONS
terms of the gain parameter r, which is related to the met-
sured ratios of the signal and reference beam intensities Is  The results described here show the usefulness and limi-
and 1R through the expression tations of the scattering pattern analysis technique for ob-

r =taining information about laser-induced photorefractive
=d -'n [ (Is/Iso) (Io/IR)], (4) gratings. This technique provides a method for determining

where the 0 and 1 subscripts refer to the entrance and exit the modulation depth and thickness of the grating, and ob-
faces of the sample, respectively. Figure 6 shows the results serving any interference effects due to the presence of multi-
obtained on the 5.0 mol % Mg-doped sample. The gain re- pie Fourier component gratings. Although values of An can
sulting from beam coupling in this sample decreases approx- be obtained by other techniques, they generally require as-
imately linearly as the grating fringe spacing increases. The sumptions concerning grating thickness and pattern shape.
samples containing 3.6 and 8.8 mol % Mg were observed to These results demonstrate the significant changes in scatter-
have approximately the same magnitude of gain and the ing patterns produced by impurities which enhance the PRE
same linear dependence on grating spacing as the 5.0-mol % and those which decrease the PRE. Unfortunately, the sensi-
sample. On the other hand, the 1.8-mol % Mg-doped sample tivity of the pattern analysis technique depends on the grat-
had the same very weak beam coupling reported previously3  ing modulation depth, and thus it is not useful for very small
for undoped LiNbO3 which produced a gain of about I order values of An such as those encountered in erasure experi-
of magnitude smaller than that seen in the 5.0-mol % sam- ments.
pie. Under these conditions accurate measurements of r as a The most important results reported here involve the
function of fringe spacing were not possible. effects of Mg doping on the PRE in LiNbO3. Scattering pat-

The theory of Kukhtarev et al."2 with ordinary light tern analysis showed that the modulation depth of the laser-
polarization, in the small charge transport length limit, pre- induced grating decreased significantly with increasing Mg
dicts a gain dependence on fringe spacing of r A-'. This concentration while the grating thickness did not change
limit is valid for undoped LiNbO3. In this approximation, appreciably. Analysis of the erasure decay dynamics showed
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IV. 1 (C)

Anisotropic self-diffraction In Mg-doped UNbO3
Luis Arlnendil and Rkchard C. Powell
Department of Physic. Oklahoma State Unitersity. Sallwater, Oklahoma 74078-0444

(Received 3 October 1986; accepted for publication 14 November 1986)

The charaicterstics of anisotropic self-diffraction were studied for undoped LilkO 3 crystals
and LINbO 3 Mg at doping levels of a few mole percent From the absolute magnitude and the
timen d of the signal. it wa possible to detemine the niduced refraciv-inmex chme

and the conductivity of the charges involved in the photorf i effect for each samplie. For
these excitatios condition, only charge migration perpendicular to the c axis contributes to
Iser-nduced gratig and thus the conductivity is asociated with charge diffusci. The results
show that the total refactwive-index change causing the sef4maiction is only slightly smaller
for the Mg-doped samples than for undoped LiNbO, while the conductivity is 1 order of
magnitude greater for the Mg-doped samples.

I. INTRODUCTION Ier-induced grating with a direction perpendicular to the c

Understanding the details of lasr-iduced refractive- axis of the crystal. Since the photovoltaic effect in LiNbO3

index changes in doped and undoped LNbO, crystals is ira acts in the c direction, the characteristics of anisotropic self-

portant because of the application of these materials in sW diffraction are independent of the photovoltaic properties of

tems based on optical technology.' Several methods have the crystal. Thus, the only process involved in writing the

been developed for studying the photorefractive effe, The holographic grating in this geometry is the diffusion of

most powerful of these are based on characterizing the prop- charge carriers. Therefore, the results of this investigation

erties of laser-induced holographic gratinp through moni- provide information about the diffusion contribution to the

Wring the erasure decay dynamics, measuring the small-an- photorefractve effect in LiNbO 3 generally masked by the

gle scattering patterns, and measuring the energy transfer drift contribution induced by the photovoltaic effect. This is

between the laser beams writing the grating.2 In the lat of of special interest in understanding the effects of Mg doping

these methods, the interference pattern of the light intensity which is known to reduce the photorefractive effect and in-

of two laser beams crossing in the sample causes a spatial crese the photoconductivity in LINo3""l°' t

modulation of the refractive index through the photorefrac-
tive effect, and this causes a self-diffraction of these write IL EXPERIMENT

beams. The most common type of self-diffraction occurs The samples used for these experiments were a nominal-
when the grating is written along the c axis. This isotropic ly pure crystal of LiNbO 3 obtained from Crystal Technology

self-diffraction (or two-wave mixing) produces changes in and four Mg-doped crystals with doping levels ranging
the energy and phase of each of the write beams. These ef- between 1.8 and 8.8 mol % obtained from Union Carbide.
fects can be useful for image amplification' 6 and evaluation All of the samples were in a well-oxidized state.
of crystal parameters.'" In special circumstances a different The experiments were carried out with the geometry
type of self-diffraction may be observed which causes a shown in Fig. 1. Two beams from a He-Cd laser were crossed
change in the polarization of the write beams.9 This is called inside the sample. The laser had a total power of about 5 mW
anisotropic self-diffraction and is characterized by two at a wavelength of 442 nm and the beam diameters were
crossed write beams with one polarization direction and two about I mm. The plane of incidence was perpendicular to the
diffracted beams with their polarization direction rotated c axis of the sample and the beams entered with an extraor-
90" with respect to the write beams. Anisotropic sef-didffac- dinary polarization (E Ic). The intensities of the two trans-
tion requires special experimental geometry to satisfy phase- mitted write beams and the two diffracted beams were each
matching conditions, and the strength of the effect is deter-
mined by the size of the off-diagonal elements of the C-axis 0 o2

electro-optic coefficient connecting the two polarization di-
rections. In BaTiO 2 the large value of the r42 tensor compo- e e 2
nent of the electro-optic coefficient was observed to produce
anisotropic self-diffracted beams with about half the intensi- _. .... . .. ..

ty of the incident write beams."
We report here the observation of anisotropic self-dif- e 2 e 1

fraction in LiNbO3 crystals and Mg-doped LiNbO,. The ex-
perimental geometry needed to observe this effect involved a L Nb03

01

•_ 'FIG. 1. Experimental geometry for anisotropic self-diffraction expert.

Permanent address: Departamento de Optics y Estructura de Is Materia, mints. e refers to the extraordinary polarization direction and o to the ordi.
Universidad Autoaoma de Madrid, 28049 Madrid. Spain. nary polarization direction.
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TABLE 1. Summairy o(euperimital reaalt

Sample (dopant)
Parameter Undoped 3.6 moll % Mg 5.0 moll % Mg 8.5 mol % NIS

6(e)14.05 14.35 14.03 11.20
Xt. 2.2544 2.28W0 2.2547 2.3092
An (10'9) 5.29 2.28 5.65 1.04
E4 (V/a) 39.6 40.9 27.0 4.9
N4 (,m-) 1.29x 1012 3.62 x 10"1 8.78 x 10"1 1.40 x 10"1

T a M1 1.33 X101 1 .62 x102 1.81 X lo
4B (Iam) 61 1.15X I0p 74 1.85 X10'
t7 (n-' CM-') 5.78tX 10 2.94xlO1' 7.07 X t0- 1.32X 10's
do/l M-, W-' cm) 4.62 X 10 8 2.83 x 10"1 5.99X 10-" 1.20X 10'

measured using a calibrated silicon photodiode. All of the According to thie theory of Kukhtarev et al.9 the intensi-
light intensities used in the calculations described below ty of the anisotropic self-diffracted beam is related to the
were those inside the crystal. Refections at the surfaces were laser-induced change in the refractive index An by the
taken into account using the measured refractive indices and expression
the usual formulas for reflection.(0- n1.l+[IlkId 12-' ()

in order to generate the anisotropic selfdiffmited II.OA 1/3)lfA IA~P'' 2
beams, it isnecessary to adjust the crossing angle of thewrite where k = wc, d is the grating thickness. and
beams to fulfill the phase-matching condition given by' Ail) _ [1., (0)1., (0) 1 1'/[J., (0) + 1, (0) 1 with the

meaning of the different beam intensities shown in Fig. 1. We
sinB [ (n. - n.')18J (1) moioethe time dependence of the buildup of the aso-

where 0 is the half-angle of the write beams intersecting out- tropic self-diffracted beam intensities after the write beams
side the crystal and n., and n, are the ordinary and extraor- were turned on for each sample. By substituting the results
dinary refractive indices, respectively. To obtain a rough es- into Eq. (2) the time dependence of the induced change in
imte of what 0 should be, we extrapolated the data the refractive index was obtained. Examples of the results
reported" on the refractive indices Of LiNbO3 to a wave- are shown in Fig. 2 for the undoped and 5.0-mol % Mg-
length of 442 rum. This gave n. = 2.3853 and n. =2.2869. doped samples. For both samples, the change in refractive
Substituting into Eq. (1) predicts 6-= 13.8.T. Since theexact
values of the refractive indices are known to depend strongly
on the [ Li ]/ [Nb I ratio of the specific crystal'" and may also ______________

be sensitive to high concentrations of Mg, it was necessary to
experimentally adjust 9 near this predicted value in order to 8
obtain the maximum difflraction efficiency for each sample.
The anisotropic self-diffracted beams appear at an angle a0 6
given by" sin 6 = 3 sin 6. The appearance of the diffracted
beams is extremely critical with respect to the crossing angle. 4L

III. RESULTS AND DISCUSSION 2
The crossing angles required to obtain anisotropic: self- 0

diffraction are listed in Table I for each of the samples. The * 0 20 4 60 8
sample withl1.8 mol %Mg had such alowdifraction effi- 0 0t2m4in. 8

ciency that it was impossible to determine accurately the X ___________

phase-matching angle. This is consistent with the results of a 6
other types of photorefractive measurements on this sample c
which indicate that the concentration of active traps is lower
than that present in the other samples." Since the ordinary 4
refractive index is not very sensitive to the stoichiosnetry of
the crystal, " we used the value of n.0 given above and the
measured phase-matching angles in Eq. (1I) to calculate val- 2B
ues of n, for each sample. These are also listed in Table I.
There appears to be no direct correlation between n. and the
Mg concentration in the samples. The undoped, 3.6-mol % 0
Mg-doped, and 5.0-moI % Mg-doped samples all have val- 0 2 4 6 8
ues of n,. consistent with crystals grown under congruent t (mflin.)

meltng ondtios. he ostheailyMg-ope saplehas FIG. 2. Time evolution of the induced refractive-index change in (A)un
a higher value of n, consistent with a richer Li concentration doped LiNbO, and (B) LiNbO3,Mg (5.0 mol %) for £nisotropic self-dif.
than the congruent ( Li /Nb I composition." fraction.
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index tends toward constant values at long times with the The diffsion length generally satisies the condition
growth in An being about 10 times faster for the doped sam- 1, 4L = I am for most photorefractive materials including
pie. The other doped samples exhibit a similar time depen- LiNbO,.'' 6 Thus in the expression for the time constant
dence as the 5.0-mol % sample but the maximum changes in given in Eq. (4), 1, can be neglected and the values obtained
An are different for each sample. above for ID can be used along with the measured values of r

The theory of Kukhtarev et al.' predicts a time depen- to obtain values for the conductivity. The values obtained for
dec of the form a, are listed in Table I for each sample.

An - Aa. [ I - exp( - tIr)]. (3) The conductivity determined by this procedure is the
sum of the dark conductivity and the photoconductivity.

The c h1Mt~flstlC tin COm k3- by . .... . The values of listed in Table I for the Mg-doped samp es

r - (e , /) (L + I)/(L + I), (4) areabout 10 times higher than that obtained for the undoped

where a is the total conductivity, ell is a component of the sample. There is no direct correlation of conductivity with

static dielectric constant, L is the grating wavelength. 1 , the level of Mg doping. This may be due to other differences

the diffusion length, and 1, is the Debye screening length. in the samples which also affect the conductivity such as the

The latter two quantities are given by concentration of other chemical impurities. The magnitude
we obtained for the total conductivity with this technique is

1, - 2rD/('tN,) (5) consistent with the values of dark conductivity of the order

and of 10- "fl-, cm- determined from the decay times of re-
corded holograms in the dark.'7 Direct measurements of

-D ( [ (4#G ,T)/t(N~e 2) I 1. (6) dark conductivity have produced much greater values," of
Here yt is the trapping rate per unit volume. N, is the den- the order of 10-'1 fl - cm-t. The cause of this discrepancy
sity of charge traps, and el has been reported' to be 85.2. betwemn the values of dark conductivity found by direct mea-
The solid lines in Fig. 2 represent the best fits of Eq. (3) to surements and those inferred by the characteristics of pho-
the data treating r as an adjustable parameter. The values torefractive properties is not understood. The magnitude of
obtained for r and An.. for each sample are listed in Table the conductivity is dependent on the impurity content and
I. on the oxidation-reduction state of the sample. "s In addition,

The values obtained for An=. in these experiments are directly measured conductivity has contributions from sur-
very low compared with those obtained for laser-induced faces and internal macroscopic defects which do not play a
gratings oriented along the c direction.' This is due to the role in the bulk conductivity involved in the photorefractive
fact that the major contribution to the photorefractive pro- effect. Thus, it is not surprising that the two types of mea-
cess along the c axis in LiNbO 3 is the photovoltaic effect and surements produce quite different results.
this does not affect the results in our experimental geometry. The results reported here show that anisotropic self-dif-
The space-charge electric field producing the change in the fraction is a useful technique for determining the nonphoto-
index of refraction for our experimental geometry can be voltaic contribution to the photorefractive effect in photo-
calculated from9  voltaic crystals. In addition, the sensitivity diffraction

An = - [(r 1 n n)/(2 cos O)]E,, (7) efficiency to the phase-matching condition provides a good
whee itechnique for determining the crystal composition. The ad-

where a, is the crossing angle of the write beams inside the dition of Mg at concentration levels of a few mole percent
crystal and r, is the electro-optic tensor component appUs - was found to increase the conductivity by an order of magni-
priate for this experimental geometry. Usingo tude, which confirms previous results obtained from differ-

r, = 32 × 10-2 rn/V along with the measured values of ent types of measurements.

An., 0, and n,, Eq. (7) gives the values ofE. listed in
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Temperature dependence of the dynamic response of the photorefractive
signal In Bi1 2MOSi

Luis AizmlendI and Richard C. Powell
Department of Physic= Oklahoma State Univeriry, Stiilwater. Oklahoma 74078

(Received 12 January 1987; accepted for publication 30 March 1987)

The dynamic response of the photorefractive signal in BijrSiOo with no external electric field
was studied a a fimotion of temperatume. At low temperatures, the response follows the
predicted exponental behavior. At tempraturms hgher than 220 *C with the writing beamo n
the signal incresses to a peak intensity and decays with time, with a time constant that varies
with temperatur. When the write beams are turned off and no erasure beam is present, the
signal exhibits a sharp decrease and then increases to a secondary maximum before the final
decay occurs. When an erasure beam is present, the same general signal pattern i observed but
the secondary peak can be significantly greater at high temperaturs. Ihe theory of Kukhtarev
satisfactorily describes the signal patterns observed at low temperatures. The more complex
signal patterns observed at high temperatures are explained by postulating the presence of
mobile positive charges which compensate the electric fields established by the negative
charges participating in the photorefractive response of the materiaL

1. INTRODUCTION postulating the presence of mobile positive charges which

There has been a significant amount of interest in char- partially compensate the photorefractive grating field.

acterizing the photorefractive effect (PRE) in sillenite-type
crystals such as Bi 12SiO20 (BSO) and Bi12GeO 2o (BGO). II. EXPERIMENT

Some of the recent work describes various aspects of the A block diagram of the experimental setup used for this
dynamic response of these crystals during the buildup and work is shown in Fig. 1. The sample was an oriented crystal
erasure of photorefractive gratings under different experi- of BSO obtained from Crystal Technology. The sample
mental conditions. n Important material parameters rel- thickness was about 3.9 mm parallel to the (110) crystallo-
evant to the PRE have been obtained' through studies of the graphic direction.
erasure time constant as a function ofthe grating period. The An argon laser at 514.5 run was used to produce laser-
dependence of the PRE erasure decay time constant on an induced refractive index gratings (primary holograms) in
applied electric field has been measured2 and the effect of the sample. The laser output was split into two beams which
reversing the electric field on the dynamic photorefractive were expanded and crossed inside the sample. This produced
response has been described.' A fast photorefractive process uniform illumination of the entire sample and the interfer-
associated with the presence of shallow traps has been re- ence pattern of the intensity formed a sine wave. The cross-
ported in BSO (Ref. 4) and a fixing behavior of the holo- ing angle of the beams outside the sample was 12" and the
grams associated with the presence of space-charge compen- grating wave vector was oriented in a (110) direction. This is
sation by positive charges has been found.' The dynamic referred to as the perpendicular sample orientation
response of the PRE in BSO with an applied electric field at (K,1(001)) which gives the optimum diffraction effi-
room temperature has been analyzed using the theory of ciency.''I
Kukhtarev12 -1 and the results indicate the presence of a
complex rate parameter.7 Preliminary results have been re-
ported on the temperature dependence of the dynamic PRE
in BSO at 633 nm"L Ar *_ .t

-  
SIGNAL

Although the dependence of the photorefractive re- AVERAER

sponse of BSO on an applied electric field has been well char-
acterized, little work has been done in determining the van-
ation of the photorefractive response with temperature. We
report here the results of investigating the dynamics of the -

PRE in BSO using 514.5-nm light. The signal response H
shape, erasure decay rate, and dark decay rate were recorded At
as a function of temperature with no applied electric field. At
low temperatures the theory of Kukhtarev provides a satis- r
factory interpretation for the results, but an anomalous time suT 'GENERA
response is observed above 220 *C. The latter is explained by FIG . Block diagram of experimental apparatus. Ar refers to the argon p.,-

laser beams, He-Ne refers to the helium-neon laser and PMT is the photo-
"Permanent address: Departamento de Optics y Estructura de Ia Materia, multiplier tube. The results are sent from a signal averager to a stripchart

Unwersidad Autonoma de Madrid. 28049 Madrid. Spain. recorder.
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The intenities of the two write beams were 14.1 roW/CM2 and 4.4 mW/cm2 . This resulted in a contrast ratio for .0

the interference pattern of
m = (II./(I, + 12)1 - 0.43.

An electromechanical shutter was used to shut off the 3.
write beams and allow the writing-decay cycle to be repeated -

several times. For erasure decay measurements, only the
more inten write beam was cut off while the other Oeam.
was left on to erae the grating. Due to the low diffraction o

efficiency, no effects of coupling are expected to affect the 2ZO , 2 2
erasure dynamics. ' For dark decay measurements, the shut- SO to ISO 200 2S0

ter was placed to cut off both write beams. T MI

The probe beam was provided by a He-Ne laser incident FIG.2. "Ire omnant for the decay of holographic gtump in 3SO a a

on the opposite face of the sample at the Bragg angle to the ftbn Of 'eUl
grating formed by the write beams. Part of the probe beam
was diffracted by the grating and detected as the signal beam (2) to the experimentally observed signal patterns. Figure 2

by an RCA C31034 photomultiplier tube. By using a red shows the temperature dependence of r = r -1 obtained
probe beam (633.0 nm) with a low intensity (<3 noW/ from the decay part ofthe PRE cycle. The magnitude ofr

cm2), the grating was left undisturbed by the reading pro- decreases by about a factor of 2 between room temperature

cess.- '
s' The signal was averaged over 100 cycles by an and 250C. The values of r-, obtained from the writing

EG&G/PAR signal averager and recorded on a stripchart part of the PRE cycle at temperature of 180 C or less are the

recorder. same as those shown in Fig. 2, after correcting for the differ-

The sample was mounted in a holder with a cartridge ence in light intensity between writing and erasure. At high-

heater and a chromel-alumel thermocouple allowing the er temperatures, anomalous writing patterns were observed

temperature to be controlled up to 350 *C. No electric field as discussed below.
was applied to the sample so that charge transport occurs The PRE decay constant can be expressed explicitly in

only through thermal diffusion of the carriers and internal terms of material and experimental parameters as6" 2 3.6

field effects. 7" [el(arr)] [(rN, 1A) + (K2KgT/e)] (3)

M. RESULTS AND DISCUSSION (4nWNA/6) + (K.K.T/e)
where the external applied field has been set equal to zero.

The time evolution of the photorefractive signal effi- The total conductivity is the sum of the dark and photocon-
ciency was recorded during the writing and decay cycles ductivities, aT = ad + a,, A is the mobility, rX is the re-
between room temperature and 350 *C. Both dark and era- combination rate coefficient, NA is the number of acceptors,
sure decays were recorded. At temperatures up to about and K, is the magnitude of the grating wave vector.
220 "C the buildup and decay patterns were exponential ex- If the room-temperature values for the parameters given
cept for a slight deviation near steady-state conditions asso- in Ref. 6 are substituted into Eq. (3), it is found that the first
ciated with beam depletion within the sample. term in the denominator is much greater than the second

The band transport model of the PRE6" 2 3 predicts an term. This will be true throughout the temperature range of
exponential increase in the change in the refractive index interest to this study and thus the second term in the denomi-
during writing with the form An c[1 - exp( - t) ] and a nator is neglected. The two terms in the numerator are of the
decrease during the decay with the form An a exp( - Pt). same order of magnitude for BSO with the experimental
The diffraction efficiency of a phase grating is 17 cc sin2 [ (i-d / conditions of interest to this work. Thus, with this approxi-
2A) An], where A is the wavelength of write beams in the mation, Eq. (3) has an explicit temperature dependence
crystal and d is the thickness of the grating. For BSO crystals which predicts a direct linear relationship between r and T.
the argument of the sine is small so the function can be ex- Since the observed temperature dependence of the time con-
panded to give i1 z (An)'. Thus, the time evolution patterns stant plotted in Fig. 2 shows an inverse relationship between
of the PRE signal are described by r and T, one of the parameters in Eq. (3) must have a strong

71a [ 1 -exp( - It)]" (1) enough temperature dependence to offset the explicit de-

during writing and pendence on T. Although several of these parameters can
vary with temperature, it is expected that the temperature

4.oc [exp( - rt) ]: (2) dependence of r is dominated by the temperature variation

during decay. The rate constant P in a nonferroelectric crys- of a,-.
tal depends on the diffusion length of the carriers and their It is well known that dark conductivity increases expon-
drift length in an electric field, the Debye screening length entially with temperature when occupied traps exist below
connected with the number of traps, the dark and photocon- an energy band. Occupied shallow traps have been reported
ductivities, and the light intensities usedtowrite or erase the in BSO. "' However, the dark decay results discussed below
grating. ' - 3  indicate that for our experiments the contribution due to

The values of r were obtained by fitting Eqs. (1) and dark conductivity is very small compared to the contribution
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due to photoconductivity. It has been suggested" that the
stronger dependence observed using light of 633 nm is due to
changes in the photoionization cross section of the photore-
fractive centers. In order to understand all of the contribu-
tions to the observed temperature dependence, it is necessary OD
to know the temperature behavior of all of the parameters
such as the mobility, carrier recombination constant, and t0 2 0 (s) . 8 O .
the photoconductivity at this wavelength.

To determine the importance of the dark conductivity FIG. 4. Time evolution of thesignal patterns for writing and optical erasure

contribution to the grating erasure, we monitored the decay of holographic gratings in BSO at (a) 291 C and (b) 313 *C.

of the signal when both writing beams were turned off. The
analysis of the dark decay patterns showed the presence of
two exponentials. Figure 3 shows the time constants asso- is the same at higher temperatures but the time constants for
ciated with these two exponentials as a function of tempera- buildup and decay become faster and the secondary peak
ture. Both of the time constants appear to have the same becomes more intense as shown in Fig. 4(b).
temperature dependence. Patterns of the time evolution of the photorefractive sig-

The dark decay time constants shown in Fig. 3 decrease nal similar to those shown in Fig. 4(a) have been observed
more than two orders of magnitude between room tempera- for BSO under the different experimental conditions of an
ture and 285 *C. Previous results of this type were reported external electric field of about 2 kV/cm applied to the sam-
using red illumination of about 30 times greater power den- pie at room temperature." These results were explained us-
sity than that used here.8 Using the results of Ref. 8 to deter- ing Kukhtarev's theory. 12.13 The effect of an applied electric
mine r - as defined by Eqs. (M) and (2) gives values about field causes the photorefractive hologram to be phase shifted
an order of magnitude smaller than the values we found for with respect to the interference pattern of the writing beams
the time constant in the temperature range between room due to diffusion of the charge cariers. In the absence of the --
temperature and 100 *C. This difference between the two field, the carriers move by drift alone and the hologram re-
sets of results decreases at higher temperatures and is only a mains unshifted. This is accounted for by aliowing the rate
factor of 2 at 250 *C. The reason for the discrepancy in these parameter r to become complex and the imaginary part I
results is probably associated with the high level of the power gives an oscillatory component to the signal which provided
density used for the probe beam in Ref. 8 since this will a good fit to the data in Ref. 7. Based on this analysis, it is
contribute to the erasure of the grating. tempting to fit the data in Fig. 4 using Kukhtarev's theory .y:

At temperatures above about 220 "C the time evolution and a complex rate constant with the imaginary part asso- '4
of the diffraction efficiency for both writing and erasure pro- ciated with the buildup of an internal field in the sample.
cesses can not be fit by simple exponential functions. Figure Although the mathematical expression can be made to fit the j
4 shows the time response pattern for the photorefractive data, it is difficult to understand the formation of a unidirec-
signal during a cycle of writing and erasing the grating at two tional electric field in a paraelectric cubic crystal such as
temperatures. A maximum in the signal is reached after a BSO.
short time in the writing cycle and a slower decay ensues. Figure 5 shows a writing and decay cycle for dark decay
During the erase cycle one of the write beams is turned off in which no erasure beam is present after the writing period. .
and the other serves as the erase beam. The signal exhibits an The weak red probe beam is less than 3 mW/cm: and does
initial fast decay and then increases to a broad maximum not affect the grating decay kinetics. The writing part of the M
before slowly decreasing to zero. This general description of cycle is the same as that shown in Fig. 4(b) for the same
the time evolution of the signal during write and erase cycles temperature. However, the secondary peak in the dark part
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continues to form as the negative charge grating decay. The
WRITING final decay in the pattern is associated with thermal erasure1.0 -

__ of the positive charge grating.
The results show that the positive charge compensation

Ts 31. *C process is thermally activated. It is not active at room tem-
-V perature while at temperatures above about 220 "C the speed

of the compensation process clearly increases with tempera-
0s DARK ture. The dark decay results in Fig. 5 show a snaller positive

char phase grating peak than the optical erasure results
shown in Fig. 4 because the thermal erasure of the negative
charge grating is slower thus giving the positive chargedi-
tribution time to become more uniform through diffusmon.

-IV. CONCLUSONS

D 0 2 0The time evolution patterns of writing and erasing pho-

t I s ) torefractive holographic gratings in BSO show normal re-
sponses between room temperature and 220 "C with both the

FIG. 5. Time evolutioa of the ignal patterns for writing and dark decay of thermal and optical erasure decay time constants decreasing
hoklosri srating ia BSO at 314 'C. with increasing temperature. At higher temperatures anom-

alous photorefractive response patterns are observed which
of the cycle is much less intense and has a slower rise and can be explained through the compensation effects of mobile
longer decay when no erase beam is present. positive charges. This compensation process is shown to be

A process of fixing holograms in BSO crystals at room thermally activated.
temperature has been described recently.' After writing a The properties of BSO crystals reported here suggest the
grating, the sample is kept in the dark for several minutes possibility of application to photorefractive devices. Holo-
until the photorefractive efficiency decays to zero. Then the grams can be written at moderately high temperatures where
crystal is illuminated homogeneously causing the diffracted the crystal has a faster photorefractive response. Through
beam to appear once again. The signal quickly reaches about rapid cooling to moderately low temperatures, the hologram
one half of its original value and then decays back to zero in a can be developed with homogeneous light. Since the positive
few minutes. This behavior is explained on the basis of the charges are not mobile at low temperatures, the hologram
presence of mobile positive charges in BSO at room tempera- can be stored for long periods of time.
ture. The decay during the dark part of the cycle is associated
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V. EFFECTS OF DISORDER AND NONLINEAR OPTICAL PROPERTIES OF
RARE EARTH DOPED GLASSES

The three manuscripts in this section focus on the proper-

ties of rare earth doped glasses. The first involves a study of

the interaction of the vibrational modes of the host glass with

the electrons on the Eu 3 + ion. The results are explained by

treating the vibrational modes of the glass host as fractons.

This provides new insight in understanding lattice vibrations in

a disordered solid. This type of information is important since

these glasses are used for active optical applications such as

laser hosts.

The final two manuscripts describe a new method for produc-

ing laser-induced holographic gratings in glasses. This type of

laser-induced refractive index change forms the basis of devices

for optical technology applications such as demultiplexers,

filters, beam deflectors, and optical limiters. Other attempts

to make these devices in standard glasses have generally not been

SIUccessful. This is an important result since glass will be the

'Dest choice of material for future optical systems in'Civing

signal processing. The method developed in this research

involves generating a significant number of local vibrational

modes by radiationless relaxation of the resonantly pumped rare

earth ion. These local vibrational modes provide enough energy

to cause a structural change in the glass host surrounding the p

rare earth ion and this changes the refractive Inde.,. The

gratings are stable at room temperature and can be erasd toth

thermally and optically.

°%*
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Laser-induced fluorescence line narrowing was used to measure the homogeneous linewidth of the 5Do-F 0 transition of
Eu3" in a lithium silicate oxide glas and ZBLA fluoride glass. The linewidths were determined as a function of temperature

and spectral position within the inihonogeneous line profile. In geners, the homogeneous linewidth increases as T' in the

temperature range between 10 and 160 K for both types of glass with the magnitude of the linewidth in the fluoride glass
being approximately an order of magntude smaller than in the oxide glSm The recently developed model of line broadening

by Raman scattering of fractons is used to interpret the data. In addition, the variation in homogeneous linewidth with

spectral position is observed to have an inflection in the region of structure in the profile of the inhomogeneous band.

1. Intivdactiom theoretical model based on line broadening due to
the Raman scattering of fractons was developed

The homogeneous linewidths of fluorescence using the vibrational density of states suggested by
transitions of ions in glasses have been reported Orbach and coworkers (41 and this model was
by several authors to have an approximately shown to be consistent with experir ntal results.
quadratic temperature dependence over a wide In this paper, we report the results of similar
range of temperatures [1], which is quite different studies performed on Eu 3 *-doped fluoride glass
from the properties of ions in crystals. In addition, which is known to have much weaker chemical
other physical properties involving atomic vibra- bonds and a different type of structure than the
tions such as thermal conductivity, heat capacity, oxide glasses. The results are compared to those
and ultrasonic attenuation behave quite differ- obtained on the oxide glasses and are shown to be
ently at low temperatures in glasses compared to consistent with the model of broadening by Ra-
crystals [2]. These differences have been attributed man scattering of fractons. In addition, anomalies
to additional degrees of freedom in glasses, de- are observed in the homogeneous linewidth at
scribed by a phenomenological model consisting positions of spectral structure within the inhomo-
of two possible local structural configurations, geneous band profile for both the fluoride and
usually referred to as two-level systems (TLS) [3]. oxide glasses. Similar linewidth studies reported
Recently Orbach and coworkers [4] have devel- previously on Eu-doped silicate glass have focused
oped a new model based on the fractal concept to on low temperature results and utilized a TLS
describe the anomalous vibrational properties of model for interpreting the data [6].
glasses. In a previous paper [5], we reported the
results of a study of the temperature dependence
of the homogeneous linewidth of the 'Do-F o  2. Experimental
transition of several Eu- +-doped oxide glasses. A

The experimental technique of laser-induced

Permanent address: UA 442 CNRS Uwversit, Lyon I fluorescence line narrowing (FLN) was used to
Villeurbanne, France. measure the homogeneous linewidths. The high-
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resolution laser source selectively excites only those width, respectively. The latter can generally be
ions in sites having transition energies in reso- determined from the limiting value of the data at
nance with the laser frequency. This subset of very low temperatures.
excited ions produces emission spectra with much Figures 1 and 2 show the variations in the
narrower widths than the total inhomogeneously transition linewidths as a function of position
broadened line profile. The experimental setup within the inhomogeneous band profile at differ-
used in this study has been described previously ent temperature. Although there is a general in-
[5]. The 5Do-'F o transition was resonantly excited crease in AP with increasing energy, the variation
by a nitrogen laser-pumped tunable dye laser with is not monotonic and distinct changes occur in the
Rh6G dye. The emission was a pulse of 10 s in linewidth at low temperature at positions where
duration with a linewidth of 0.1 cm -1 . The fluo- structure occurs in the inhomogeneous band pro-
rescence was focused on the entrance slit of a 1 m file. Previous studies of Eu' +-doped phosphotung-
monochromator set for a resolution of 0.008 im. state glass have reported a discontinuity in the
An RCA C31034 photomultiplier tube was used residual inhomogeneous linewidth of the 'D 0-TF,
for detection and an EGG/PAR boxcar integrator fluorescence transition after selective 7F0-1D 0 ex-
and strip-chart recorder were used to record the citation [9,10]. This was also related to a ,,oulder
signal. An electronic shutter gated to open 0.6 ms in the excitation band and has been interpreted as
after the excitation was placed between the sample evidence for different local site environments.
and the monochromator to eliminate the scattered These spectral features have been observed for
laser light. The window of the boxcar integrator several different oxide glasses [6,11] suggesting
was set to look at the spectru 1.0 ms after the nonuniform variations in the number densities or
excitation pulse. It was shown previously that transition probabilities of ions in the different
energy transfer does not broaden the fluorescence types of sites. Figure 3 shows the temperature
on this time scale [7]. Sample temperature was dependences of the homogeneous linewidths for
controlled by a cryogenic refrigerator.

The results obtained on two glasses are re-
ported here. The first is a lithium silicate (LS) P
glass with the following composition (in mole LS
percent): 57.0 SiO2 , 27.5 Li2O, 10.0 CaO, 2.5 2-5- 200K
A1203, 3.0 Eu 203

. 
The second is a fluoride (ZBLA)

glass with the following composition: 57.0 ZrF,,
34.0 BaF,. 4.0 AlF 3, 3.0 LaF3, 2.0 EuF 3. 2 *

The linewidth of a fluorescence transition after
resonant excitation 1; is given by [8] 15OK2 1 P - A ~ , - l ; ,( 1 ) 11, - -,.
where A P , is the observed linewidth and AP. is 1 OK %I.
the instrumental resolution determined by the laser °" £

pulse width and the monochromator resolution. ,
For this work APm -0.1 cm - 1. In general, the -
laser linewidth is not narrow enough to excite ions /• 12K
in only one set of sites and thus some residual • o• 0
inhomogeneous broadening is usually present. This "'" '"
can be approximately accounted for through sim- ,_._-_ _

pie subtraction 17250 17300 17350

AI- .% , +  A ,, (2) E ( m-')

Fig. 1. Inhomogeneous spectral profile of the 'F0O Do absorp-
where Alh and IA, are the homogeneous and tion transition and the variation of the FLN linewidth of the
residual inhomogeneous contribution to the line- transition across the band for Eu3 in LS glass.

N
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I the LS and ZBLA glasses. The magnitude of A,
2 ZLA 200K is significantly less for the fluoride glass than for

the oxide glass, but a quadratic temperature de-
pendence is observed for both samples.

1.5

* 3. Theoretical

1 / . * There is no fundamental reason to believe that
lOOK the types of electron-lattice vibration interactions

,: •-,that are responsible for the homogeneous line-
"" ~ width of optical transitions in crystals should not

Oh1 2 - also operate in glasses. One might then expect that
'00 o o o o the differences between glasses and crystals, in

both the magnitude and temperature dependence
_ _ _of their linewidth, originate in the differences in
17250 17300 17350 the spectral distributions of the vibrational modes.

E (cnr,) In crystals the Debye approximation for the
Fig. 2. lnhomogeneous spectral profile of the 7F0 -5 D0 absorp- phonon spectrum suffices to account for the ob-
uon transition and the variation of the FLN linewidth of the served linewidth. In glasses, however, the vibra-

transition across the band for Eu3  in ZBLA glass. tional normal modes are not well represented by

dispersionless plane waves. Not only is the ap-
proximate continuous translational symmetry of
the Debye model lost, but also the discrete trans-

100
10 lational symmetry that makes lattice dynamics

0 / tractable in crystals is not valid. The alteration in
oor the vibrational mode spectrum that may result
/ "A/ from this loss of symmetry makes it not surprising

j ,£ that line broadening in glasses is quite different
LS o r from that predicted using the Debye approxima-

--- 0 4/ tion for phonons.
S /1 /An exact treatment of the vibrational states of

0 /glasses poses a formidable problem. However
t,* ,a many, if not all, continuous random network

/9 ZOLA glasses possess another approximate structural
- symmetry than can be exploited to obtain theI o - most important features of the vibrational spec-

,0.1 trum. This is dilation or scaling symmetry. Ex-
amination of ball and stick models for specific

0 glass structures reveals the presence of loops or
rings of varying size within the structure. This is

'--0 also deduced from the results of Raman scattering
10 20 So 100 200 on glasses [12]. A two-dimensional example is

shown in fig. 4. These glass structural elements,
Fig. 3 Temperature dependences of the homogeneous line- and possibly others as well, possess approximate%idhs or he D,'Fotrasiton f u3'in S ad ZLA dilation symmetry over a limited range extending
glass hosts (0) Low-energy spectral region: 17240 cm-t for
LS and 17260 cm

-1 
for ZBLA. (a) High-energy spectral from a few interatomic distances to between 50 to

region: 17315 cm- for LS and ZBLA. 100 A.
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, , / - -'/ , the analogue of dispersion for propa-

0 gating modes. As we shall see, this dispersion
plays a central role in producing the Kinewidth
observed in glasses.

A continuous random network glass is not,
strictly speaking, a fractal in that it has both
translation and dilation as approximate symine-
tries, but over different scales of length. Even
though the range of lengths which exhibits dila-
tion symmetry is restricted, it nevertheless is broad
enough to encompass the characteristic length

Fig. 4. Two-dimensional model structure for a random netwok scales of the vast majority of normal modes. The
S such as sodium "helae. The small black dots. open first attempt to apply fractons as an approxima-

circles, and large shaded circs are Si4 , 02 and Na ions. tion to the normal modes of a glass was due to
respectively. Note the variation in the size of covlently bonded Alexander et aL [15] who applied it to the specific
loops. (Reprinted from ref. [281 with the permission of the heat of epoxy. Further refinement [16,17] of these

author and publis'e) ideas has produced what may be called "the frac-
ton approximation" for the vibrational states of

Fractals are structures for which dilation is an glass. The essence of this is the following. For
exact symmetry [13]. The vibrational spectra of wavelengths long enough that the disorder in the
fractals have been elegantly treated by Alexander glass is outside the limit of resolution of the wave,
and Orbach [4]. Their work was motivated by the the glass has approximate translation symmetry
experiments of Stapleton et al. [141 who suggested and the Debye approximation is a good represen-
that the anomalous spin-lattice relaxation times tation of the normal modes. For wavelengths
seen for iron-containing proteins might be due to shorter than the scale of disorder, 50-100 A, there
the vibrational density of states of these nearly
fractal objects. In this approach the details of the
underlying structure is ignored except as it con-
tributes to the dilation symmetry, in much the
same way that the details of the crystal structure
are ignored in the Debye approximation. The re-
sulting normal modes are localized, rather than
propagating, and are called fractons. Their spec-
tral properties are characterized by two parame-
ters d and d that characterize how the structures i.i

scale. The fractal dimensionality (or Hausdorff /

dimensionality) d characterizes the mass of a -

sphere of radius r about a representative point in FATNLK

the structure, M - r . The spectral dimensionality I
(or mode-counting dimensionality) i describes the
number of fractons with frequency less than w, Z
N(w) - w . The fractal dimensionality is depen- a /

dent on structure, and one expects 2.5 <d < 3 03eYS-LIKE

bounded by the percolation limit and the
Euclidean dimension. Alexander and Orbach have WL WO
conjectured that the spectral dimensionality is in- ANGULAR FREQUENCY

dependent of structure with j- 4/3. The fracton Fig. . Model density of states for the vibrational modes of a
frequencies vary with the localization length I as glass in the fracton approximation.

I
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is approximate dilation symmetry, and fractons be 12 cm -1 , while the ZBLA glass was found to

are a good representation. At length scales near have an W'L of 12.5 cm - 1.

the disorder horiz there will be a crossover The mechanisms that are normally responsible

between these two types of vibrational modes. for the line broadening in crystals come from

In fig. S a density of states corresponding to modulation of the crystal fields by the phonon

these ideas is shown. As Aharony et al. [17] have strain field. The low-order processes in the strains

noted, the fracton density of states, extrapolated are direct processes, Raman processes, and reso-

to low frequencies, is larger than the density of nant Raman (or Orbach) processes. These are

Debye phonons at low frequencies, while the ex- treated in the Debye approximation in a variety of

trapolation of the Debye phonons to high frequen- places [20] and these have been generalized for

cies yields a density of states larger than that of vibrational spectra that are not dispersionless plane

the fractons. This requires that the vibrational waves [5].
density of states be peaked in the crossover region The contribution to the linewidth due to direct

to obtain the correct mode counting. This feature processes is given by
has also been seen experimentally in neutron
scattering from g-SiO2 [181. The density of states A;D - (2sr/h) (eIeV, I e)II(u/ In) 2
shown in fig. 5 is a simple, but not unique treat- I

ment of the crossover region. Here wD is the xg(Al/h), (5)
upper limit of the ')ebye-like modes, and WL is

the fracton edge, the lower limit of the fracton-like where (v' I ,) is a matrix element of the average

modes. These cut-off frequencies are adjusted to local strain, V is the first-order coupling parame-

obtain the correct mode counting [17. The density ter of the interaction Hamiltonian, and A, is the

of states of the Debye-like modes is given in this splitting of the jth final electronic state from the

approximation by initial one.
For Raman processes one has

gp(.) -d(d/Ld) -t11., d , t , (3) AR ( 2 flelze(l~ v
D ~~~~AJit - l4v2/h) fO I/<'l2I vIe21V

where d - 3 is the Euclidean dimensionality of the e 2

glass. The density of states for the fracton-like + .I(eIV, Ie)(u'lIv)j/[-hw ,] 12
modes is

9F )(d/Ld)(La)w W;>-WLI x [g(,J)] 2 d,. (6)

(4) where there are now contributions from both the

first- and second-order coupling parameters V,
where a is the interatomic distance and wF is the and V in the interaction Hamiltonian. For

maximum frequency of the fracton-like modes. Kramers states the first-order matrix elements
Note that with sufficient structural information on (e' I V2 I e) vanish from symmetry considerations.

the glass d could be determined more precisely. The Orbach processes are also contained in eq. (6)
However, this information is not presently availa- when the phonons are in resonance with an elec-

ble for the glasses studied here. tronic state.
It has recently been found that during the time To evaluate eqs. (5) and (6) for the fracton-like

evolution of the fluorescence-line-narrowed spec- modes one needs the matrix elements of the strain.
tra of many Eu3 "-doped glasses, regularly spaced Because of dilation symmetry the wavefunctions
minima develop in the sidebands due to phonon- of the fractons must be of the form qs(r/i) where I

assisted energy transfer (7]. These have been inter- is the localization length and r is the distance

preted as arising from the transition from Debye- from the center of the fracton. The average local

like to fracton-like modes [19] and thus provide a strain will then be proportional to Q/I where Q is

measure of WL. For the LS glass WL was found to the amplitude of the vibration. This gives strain
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matrix elements of the form much Slower increase with A than is found in
Crystals. In the high-temperature limit where n .

I(n-IIIn)IC(/2pW)I-2n (7) kT/A, A iD will be a decreasing function of
for fracton absorption and a similar expression for frequency. The temperature dependence of this

contribution to the linewidth will be the same as
fracton emission with the fracton occupation found for crystals, but its magnitude will be smaller
number n replaced by n + 1. Similarly, if all the di hWLt. This reduction comes from

(nl2In)I ' c (/2p) 2 14n(n+ 1). (8) the smaller density of states that the fracton-ike
modes have at high frequencies, as shown in fig. 5.

Note that both eqs. (7) and (8) are of the same In particular it accounts for the relative lack of
form as one finds in the Debye model of phonons importance of the direct processes in the linewidth
except that there the wavelength appears in place of the 5Do-7 F0 transition in Eu3 -doped lseS
of the localization length. Using the diseersion [1]. The 7F, state which in crystals controls the
relation for fractons, 1-1 - L-'('/"L) ". This linewidth through either direct or Orbach
contrasts with the linear dependence of A on w processes, is approximately 200 cm- above the
for Debye phonons. Fo level placing it far above the fracton edge

For fracton-like modes the contribution of the which is typically 10 cm - '. For states with A, <
direct processes to the linewidth becomes AWL the Debye approximation will hold as in
.IV - A, 1Asq. (11) (9) crystals.

J The strain matrix elements for the fracton-like
modes in the Raman processes have the frequency

for states reached by fracton absorption. If some dependence
states are accessible by fracton emission, there will
be additional terms with n replaced by n + 1. The i(nk ' In) 12 o 1I(n In±l)n±1 iin)[1
frequency exponent q - j(1 + 2/1) - 2 giving a C ,- + dlTn (n + 1). (10)

For kT s. w this diverges at low frequencies as
shown in fig. 6. Thus the dispersion of the
fracton-like modes has the effect of coupling the
electronic states mtuch more' strorijly to vibra-

FRAcTON tional modes near ,iL than those of higher
'frequency. Since, as fig. 5 shows, the density of
z states for the fracton-like modes is a slowing vary-

ing function of w., only those modes with frequen-
"3 cies near the fracton edge contribute significantly

to the linewidth. This is in contrast to Debye-like
Aphonons, where the major contribution to the

--0 oi Iinewidth shifts to higher frequency with increas-
- ing temperature because of the rapid increase in
V g( w).

When the strain matrix elements and density of
states for fracton-like modes are substituted into
eq. (6) one obtains with the Raman processes for
non-Kramers states

ANGULAR FREQUENCY AR sA(TIOD)P*fF/XP 1)

Fig. 6. Frequency dependence of the matrix element of the - iT 6 -2
average local strain for an ion in the fracton and Debye +(T/0L) x e(e 1) dx.

approximations. 0(11)

Lux 4'N.
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The first integral is over the fracton-like modes treated in the fracton approximation.
and the second over the Debye-like modes. The This same treatment also allows one to account
exponent p - 2q, 0,- ha/k, and x - 1it/kT. For qualitatively for the variation of A9p across the
kT>hiWL, both these contributions increase as inhomogeneous profile. AP is the sum of the widths
T 2. This agrees closely with the present experi- of the initial and final states of the optical transi-
ments and earlier work on Eu- and Pr-doped tion which are determined at low temperature by
glasses [1,5,211. Note however, if there are neigh- the interaction strength parameter A 2. This con-
boring electronic states accessible to radiationless tains the electron-phonon coupling matrix ele-
transitions, there will be additional contributions ment which involves local crystal field parameters.
from Orbach processes. These have an e -A/*T In addition the position of any transition within
temperature dependence. the inhomogeneous profile depends on the dif-

In the Kramers case the energy denominators ference in the energy of the initial and final states
1/(h - 41) in eq. (6) must be treated carefully. of the transition which is determined by the local
The sum over the other electronic states of the crystal field parameters. Shorter Eu-ligand dis-
system includes the other Kramers-degenerate tances (either Eu-O or Eu-F) lead to stronger
pairs and also, with A -0, the time-conjugate of electron-network interactions producing higher
the state being broadened. The former contributes Fo - 5 DO transition energies and broader homoge-
to T, while the latter does not [22]. In the first neous linewidths. Thus, assuming the local sym-
instance, summing over the Kramers pair gives a metry changes smoothly, the homogeneous line-
factor [hwA/( 2 - h2c 2)] in each integral in eq. width should increase monotonically across the
(11). If A m- h for all vibrational modes, this inhomogeneous transition profile. However, an
increases each power of x by 2. In the second abrupt change in local site symmetry can produce
instance, the power of x will be reduced by 2 in a discontinuity in the direct relationship between
each integral. Since A is typically > 100 cm- I and the transition energy and homogeneous linewidth.
the most important vibrational modes have en- This might occur when the active ions change
ergies near hWL in this term, it will dominate and from being modifiers to substituting for network
a T 2 dependence again results. This agrees with formers. Rare-earth ions have been identified in
the results on Nd- and Yb-doped glasses for T > 50 both positions in zirconium fluoride glasses [261.
K (23.24]. .- A.s-.-4he electron-network interaction may vary

The strength of the interaction can easily be differently with transition energy for the excited
estimated [5] by considering the McCumber and state and the ground state. The combination of
Sturge [25] & parameter for an equivalent crystal these phenomena can account for the anomalies in
with the same mean density and sound velocity as the linewidth variation at high temperatures shown
the glass. This is given by in figs. 1 and 2. At low temperatures the FLN

- A2D0(12) linewidth is dominated by residual inhomoge-
D A28L/IOD (12) neous broadening. The same arguments also apply

where 0. is the Debye temperature of the equiv- here with only slight modification.
alent crystal. For the ZBLA sample the homoge- This interpretation is supported by the presence
neous linewidth is approximately 0.36 X 10-T 2  of a shoulder in the inhomogeneous band profile
cm-, which is less than the value of about 10-4 T2  in the same spectral region where the linewidth
cm - found for the oxide glass hosts. The latter anomaly occurs. This type of spectral structure
value gives a - 102 cm - , about the same cou- has been observed in many different types of
pling strength seen for rare-earth transitions in rare-earth-doped glasses (9-11] and is commonly
oxide crystals, with the results for fluorides being attributed to changes in local site symmetry. The
proportionally smaller. Thus the same electron- same considerations can explain the smaller ho-
phonon interactions that govern the homogeneous mogeneous linewidth observed in the fluoride
linewidth in crystals can also account for the glass. The chemical bonds in fluoride materials are
linewidth in glass when the vibrational modes are well known to be weaker with higher ionicity than

N -
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in oxide materials, leading to a smaller electron- ing over many repetitions of the experiment fur-
lattice interaction strength. In addition, the mean ther averaging over phonon populations.
interatomic distances are expected to be greater in
the ZBLA glas compared to the LS glass due to 4. Conmimolas
the larger ionic radius of the Zr network former
ions compared to the Si. thus, further reducing the The theoretical analysis of the FLN results
relative interaction strength in the fluoride glass. described in this paper shows that the same types
These structural considerations have no effect on of physical mechanisms responsible for optical
the temperature dependence of the homogeneous linewidths of ions in crystals can be used to ex-
linewidth since this is determined only by the plain the properties of optical linewidths of ions in
nature of the coupling between the lattice vibra- glass hosts. The differences in line broadening
tions and the fluorescent ion. properties of doped crystals and glasses is associ-

Alexander, Entin-Wohlman, and Orbach [27] ated with the treatment of the vibrational modes.
have recently calculated T, for fractons by consid- The translational symmetry of crystals is replaced
ering only the largest relaxation rate at a given by an approximate dilational symmetry in glasses
impurity site. Their result reduces to ours for the leading to the fracton approximation instead of
case that their parameter d.,. - 1 and there is the Debye approximation for treating the vibra-
rapid cross-relaxation among non-Kramers ions. tional modes. For the specific samples and tem-
As we have already noted, the dominant contribu- perature range investigated here, Raman scatter-
tion to the homogeneous linewidth for Kramers ing of vibrational modes are found to be responsi-
ions comes from a process that does not contrib- ble for the temperature variation of the homoge-
ute to Ti. It seems unlikely that this cross-relaxa- neous linewidths. Treating these processes in the
tion occurs in the glasses that we have studied fracton approximation predicts the observed T'
since the Eu3 + concentration is small and energy temperature dependence. The structural dif-
transfer is important only on the scale of several ferences between glass hosts is mainly reflected in
milliseconds [7]. Their calculation is directed to- the magnitude of the homogeneous linewidth. Thus
ward understanding T, in systems such as the the smaller linewidths observed in the fluoride
iron-containing proteins studied by Stapleton et glasses compared to the oxide glasses are due to
al. [14). In that case the probe ions occupy a single weaker chemical bonds and larger interatomic dis-
type of site in the molecule, and the differences in tances. Significant structural differences resulting
crystal field over the ensemble arise from the from the presence of different local site configura-
fractal structure. In random network glasses other tions are not only refl"eted as structure in the
factors, such as the presence or absence of net- inhomogeneous band profile, but also as devia-
work modifier ions in the immediate environment tions from the simple monotonic variations of
of the probe. may dominate the site-to-site dif- both the homogeneous and residual inhomoge-
ferences in crystal field, thus producing the same neous linewidths as a function of energy within

effect that would result from rapid energy transfer the inhomogeneous band.
in the case studied by Alexander et al. [27]. It is The FLN technique used here is a powerful
also possible that over the time scale of our ex- method for probing the effects of local structural
periments the fracton population has sufficient changes on the properties of an optically active
time to rearrange itself, and thus for the ensemble probe ion. For a complete understanding of these
of excited ions the largest relaxation rate approach effects it is important to obtain precise structural
would not be appropriate to the present experi- information on the glass hosts.
mental situation. There would be, in effect, a
mixing of the spatial distribution of fractons that Acknowledgments
is rapid on the scale of these experiments, rather
than cross-relaxation of the ions. In addition line- This research was supported by Rome Air De-
width measurements usually involve signal averag- velopment Center and the U.S. Army Research
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Laser-induced refractive-index gratings in Eu-doped glasses

Frederic M. Durville, Edward G. Behrens, and Richard C. Powell
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078-0444

(Received 23 April 1986)

Four-wave-mixing techniques were used to establish and probe refractive-index gratings in Eu -
doped silicate and phosphate glasses. When the Eu+ ions are resonantly excited, superimposed
transient and permanent gratings are formed. The former are characteristic of population gratings
of excited Eu3+ ions while the latter are attributed to local structural modifications of the glass
hosts. The time dependences of the grating buildup, decay, and erasure are reported as a function of
temperature, laser power, and "write"-beam crossing angle for each of the samples. The results sug-
gst the use of laser-induced gratings in these glasses in applications such as amplitude-modulated
phase-conjugate reflectors.

I. INTRODUCTION laser beams results in both transient population gratings
and permanent holographic gratings. The dynamics of es-
tablishing and erasing these gratings were investigated as

During the past ten years, a significant amount of work a function of laser power and temperature, and the results
has been done in developing new optical devices designed are interpreted in terms of a model based on
to provide functions such a switching, modulation, phase vibrationally-induced structural modification of the host
conjugation, and bistability which are important in optical glass.
data processing applications. Glasses are very attractive The glasses used in this work are europium pentaphos-
materials for these devices because of the low cost and phate (EP), lithium phosphate (LP), and sodium silicate
ease of fabrication compared to single crystals, and be- (NS). Their compositions are given in Table I and their
cause they provide the opportunity for developing mono- spectroscopic properties have been reported previously. 6,7

lithic devices within systems based on fiber-optic Similar measurements made on Eu 3+-doped borate, ger-
transmission. Laser-induced refractive-index changes manate, and fluoride glasses produced no strong, per-
have been observed in several types of glasses - ' and used manent FWM signal.
to produce holographic storage, narrow-band filters, opti- The experimental apparatus used for these experiments
cal switching, and phase conjugation. In most cases, the is shown in Fig. 1. The output of a Spectra Physics cw
physical mechanism producing the photorefractive change argon laser is split into two beams which are crossed in-
has not been explained. We report here the observation of side the sample to form an interference pattern in the
laser-induced, superimposed transient and permanent shape of a sine wave grating. The optical path lengths of
refractive-index changes in a rare-earth-doped glass. This both "write beams" are equal to within the coherence
provides a means for amplitude-modulated phase conjuga- length of the laser. The wavelength is tuned to 465.8 nm
tion and switching. Details are presented of the results of in order to resonantly excite the 5D2 level of the Eu3 -
four-wave-mixing (FWM) measurements in three different ions. The total power was varied between 10 and 160 mW
types of Eu 3+-doped glasses. For each sample it is found by a variable neutral density filter. The interference pat-
that resonant excitation of the Eu3 + ions with crossed tern of the crossed laser beams creates a change in the re-

TABLE I. Summary of results.

Sample
Parameter EP LP NS

Network former (mol %) 83.3 PO, 52.3 P20, 72.0 SiO 2
Network modifier (mol%) 30.0 Li2o 15.0 Na2 O

10.0 CaO 5.0 BaO
4.7 A1203 5.0 ZrO

EuJ+ content (mol%) 16.7 EU2O 3.0 EUO0 3.0 EuO,
"rf (ms) 2.7 2.8 2.7
,-, (ms) 2.67 2.85 2.86
t.. (rain) 15 30 01'

[AE, (cm -1 3983 2101 2890
AE, o (cm -1) 4016 3213 614 -
,IE; (cm-') 2219 3824 699 r

'After the "'write" beams were turned off, a risetime of about 5 min was observed.

34 4213 1986 The American Physical Society
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CH
pulse

generator

,,
M BS

density-density filter:S CH--cmopper BS--bm splitter M-mirror.

fractive index with the same shape. This acts like a "grat- II. EXPERIMENTAL RESULTS ,
ing" and scatters the 10 mW "read" beam from a He-Ne
laser at 632.8 nm. The maximum scattered signal beam is For all three samples, strong FWM signals were ob-
obtained at the Bragg condition for which the read beam served only if the write beams were tuned to resonance
is slightly misaligned from being counter propagating with an absorption transition of the Eu3 + ions. This
with one of the write beams and the signal beam is slight- shows that the mechanism producing the FWM signal is
ly off counter propagating with the other wvrite beam. A directly associated with the Eu-' ions and that the
mirror is used to pick off the signal beam and send it impurity-induced nonlinear optical effect is significantly
through a 0.25-i monochromator to eliminate sample greater than the intrinsic nonlinear optical properties of

fluorescence. The signal is detected by a Haniaatsu the host glass.
R 1547 photomultiplier tube, processed by an Typical results for the time evolution of the FWM sig-
EG&G/PAR signal averager, and read out on a strip nals at room temperature are shown in Fig. 2. For both

chart recorder. For transient decay measurements, a phosphate glasses the signal builds up slowly in time,
chopper was used to cutoff hile ria se the de- reaching a maximum after about 15 mmn for EP and 30
cay of the signal beam was recorded. A pulse generator m for LP, whereas for the silicate sample the signal im-
established the chopper frequency T about 20 Hz and mediately reaches maximum. The rate of signal buildup
triggered the signal averager. The erasure of the per- was found to be independent of write-beam laser intensity

lmanent grating was accomplished by exposure to a single and grating spacing. For the same experimental condi-

laser beam at 465.8 nm and atin G& P loc-i am- tions, the maximum signal strength was greatest for the
phtier was used to enhance the signal-to-noise ratio while EP sample and least for the NS sample. When the write
mesuring the signal beam scattered from the decaying beams were chopped off, the signal beams initial s de-
permanent grating. For low-temperature measurements cayed exponentially with a dcay time dof the order of a
the sample is mounted in a cryogenic refrigerator wsith a few milliseconds as listed in Table I. For the EP and LP
temperature controller capable of temperature variation samples,an e signal leveled off at about 70% of its max-

bectween about 10 and 300 K. For high-temperature inea- imum value and remained there indefinitely. For the NSsuremcents, the sample is mounted in a resistance heated sample the nitil decay decreased to almost zero signal
furnace with a Chrom el-Alumel thermocouple that can intensity, and this was followed by a buildup back to ,
control the temperature between 300 and 775 K. about 40% of the initial level as shown in Fig. 2b. The

w
u

-,U,
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TIME (min) EP, 420 K for LP, and 520 K for NS. The total FWM
5 10 is signal can be treated as the superposition of read beams

1.5[- " .U, ,uP scattered from a transient grating and a permanent grat-
rRANSSN ting. Both components of the signal have intensities and

decay rates which vary with laser power and crossing an-
gle of the write beams, and with temperature, as described
below.

Figure 3 shows an example of the variation of the per-
manent and transient signal intensities with the total laser

INASUI 0"power of the write beams. The intensity of the transient• "....component of the signal increases linearly with laser
S..power whereas the intensity of the permanent component

of the signal initially increases approximately quadratical-
0 13 ly with laser power and then becomes independent of laser

(A power above about 80 mW.
z Figure 4 shows examples of the variations of the per-

manent and transient signal intensities with the crossing
z angle of the write beams. For all three samples, both sig-

nal components of the scattering efficiency decreases as
(b) NS the crossing angle increases. This is typical behavior for

0.5 FWM signals and is associated with the length in which
the probe beam interacts with the refractive-index grating

0TIME (in) 10 15a) EP

FIG. 2. Time evolution of the buildup, transient decay, and 1
erasure of FWM signals in EP (a) and NS (b) glasses at 300 K. 10

The total power of the laser write beams is 80 mW and the erase -£ '-a 0.5
beam power is 40 mW. 5

• 00

permanent signal can be erased optically by switching on 1 2
only one-of-4%m-write beams in resonance with a Eu3+ 0 10 20

transition. The rate of erasure varies with the itensity of 10 b
the laser erase beam, with a typical erasure time shown in (b) LP 2

Fig. 2(a). The permanent signal can also be erased 0-0
thermally by heating the samples up to about 390 K for O

S5 1

00
150 .

I- 01

0-0 10 20
permannt - -0 0-

9./ /

/ -30 2. ~ 0.8

-~1o * trfln .ANG (deg NS
A 1 A0.4

so 0
50 100.2

-10 2

7'0 5 10
a"' 10 ANGLE (dog ',00 50 100 150

P mW) FIG. 4. Transient i and permanent i A FWM signal effi-
FIG. 3. Transient and permanent FWM signal intensities as ciencics as a function of the crossing angle of the write beams in

a function of total write-beam laser power for EP at 300 K. air at 300 K. (a) EP glass; b LP glass; (c) NS glass.

d%
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as well as the density of fringes and modulation depth of 50 E
the grating. The exact form of the angular variation de-
pends on the strength and mechanism of the beam cou-
pling. 10

If a permanent grating is established at room tempera-
ture, the signal intensity of scattering from this grating 5
decreases as temperature is increased. Typical results of
this type of experiment are shown in Fig. 5. The max- C
imum scattering intensities of both the permanent and 2
transient gratings decrease as the sample temperature at 2 A 2.6 3 3.4
which the grating is established increases. As shown in
Fig. 6, the FWM signal components from both types of - Cb)LP *15- CcNS
gratings decrease uniformly in the same way for the EP 50 5 10 o

glass. This is initially true for the LP glass, but above
about 350 K the transient signal can no longer be detected 20. • 2

while the permanent signal intensity becomes independent 10, .. 1
of temperature. For the NS glass, both components of the
FWM signal intensity initially increase with an increase in26 4
temperature, and then decrease uniformly in the same way 2/T (20"3 K"A3

for temperature increases above about 330 K. This

behavior is associated with a change in the buildup of the FIG. 6. Variation of the permanent 0*) and transient (0)

permanent signal. Above about 330 K the signal in the FWM signal intensities as a function of temperature of forma-
NS glass has the same time evolution as the signal in the tion of the laser-induced gratings for (a) EP, (b) LP, and (c) NSNS glasapls te rme tieevotin asamples. The total laser power of the write beams is 80 mW
other samples at room temperature. and the crossing angle in air is 7*.

Both the transient signal decay rate and the permanent
signal erasure rate were measured to be independent of the
crossing angle of the laser write beams for all three sam-
ples. For the transient signal, the value of the grating de- 5D0 level of the Eu3 + ions, f, as measured by indepen-

cay rate is the same as the fluorescence decay rate of the dent experiments. These are listed in Table I.
The erasure rate for all three samples increases ex-

ponentially as the temperature at which the gratings are
established and erased is increased. The rate of change of
erase rate with temperature is significantly different for

each of the samples as shown in Fig. 7.
50 EP

5
(a) EP . (b)LP

CI
5" 0.5-

0.5

10 0.1
a o.1

0.1 2.2 2.8 3.4
3 3.2 3.4

--5 1/1" (10-3 K -'

2
0O* Cc)NS.1.5 6_1

\.'

2.6 2.8 3 3.2
1/T (10- K') 2.4 2.8 3.2

FIG. 5. Variation of the permanent FWM signal intensity as FIG. 7. Erasure decay rate of the permanent FWM signal as
a function of temperature after laser-induced grating formation a function of temperature for (a) EP, (b) LP, and (c) NS at
at 300 K in EP. 0=7'. The laser power in the erase beam is 40 mW.
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III. INTERPRETATION OF RESULTS I =Ioexp(&E/kT), (2)

The dynamics of the buildup and decay of FWM sig- where AE is the activation energy and k is Boltzmann's
nals described in the previous section are consistent with constant. The values obtained for AE) for each sample
scattering from two superimposed, laser-induced gratings. are listed in Table I and their physical meaning is dis-

The FWM signal is proportional to the square of the cussed below.
change in the complex refractive-index induced in the ma-
terial by the interference of the laser write beams,' which B. Permanent grating
in this ca is the ng of the transient and permanent c Scattering of the read beam from the permanent grating
tributions to the change in the refractive index,~ contributes to the observed FWM signal through the third
An c An, + Ann. If the transient component is assumed to trinuE s to the econd term de thedecy xpnetialywih eca tmeT~ whleth ~ term in Eqx. (1) as well as the second term describing thedecay exponentially with decay time r',, while the per-,

manent component is time independent, the signal is interference between the signals from the permanent and 4

described by transient gratings. The fact that the grating takes times
of the order of 15 min to build up and then shows no de- %

I, I An F An, I 2exp( - 2t /,) cay at room temperature over periods of days, indicates
that the interference pattern of the laser write beams has

+2 An,Anexp(-/r,)+ I An, 12 (1) produced some permanent change in the glass host. How-

The data shown in Fig. 2 imply that the first term in Eq. ever, this change occurs only if the laser beams directly

(1) is essentially negligible with respect to the last two interact with a resonant transition of the Eu'+ ions.
terms. The quadratic dependence of the signal intensity from

the permanent grating on the power of the laser write
A. Trnsient grating beams as shown in Fig. 3, is consistent with the predictionof Eq. (1). The observed saturation shows that there is a

Equation (1) predicts that the transient contribution to limit to the glass modification that can take place. The
the FWM signal will decay exponentially with the decay decrease in scattering intensity with increasing write beam
time of the transient grating. This is consistent with the crossing angle shown in Fig. 4 is typical of FWM signals,
observed exponential transient decay. The fact that the as mentioned above.
FWM transient signal decay time is the same as the The fact that the permanent grating can be erased,
fluorescence decay time of the 5D0 level of the Eu3  ions, shows that the laser-induced change in the glass is revers-
coupled with the fact that the FWM signal is observed ible. The lack of change of the erasure decay rate with
only when a Eu3+ absorption transition is directly excited, the crossing angle of the write beams indicates that the
shows that the transient grating is associated with a popu- glass modification does not involve long-range migration
lation grating of Eu 3+ ions in the 5D 0 metastable state. of charge carriers. Since erasure can occur both thermally
Since the crossing angle of the laser write beams deter- and by laser excitation of an absorption transition of the
mines the grating spacing, the lack of any change of decay Eu3 

+ ions, the structural modification can be reversed
time with 0 indicates that there is no long-range energy with the Eu 3 + ions in either the ground or excited state. -.

transfer in the excited state. The observed temperature dependences of the signal in-
The linear increase in the transient component of the tensities and erasure rates are consistent with exponential

scattering efficiency with laser power should be described processes having activation energies AE, for thermal era-
by the middle term in Eq. (1). The variation An. due to sure and AE,0 for thermally assisted optical erasure. The
the permanent grating is linear with laser power as dis- solid lines in Figs. 5-7 represent the best fits to the exper-
cussed below. Thus, An, associated with the transient imental data with an exponential expression. The values
grating appears to be independent of laser power at low obtained for the activation energies are listed ir. Table I.
powers and to vary linearly with laser power at high The value of AE, was obtained from the data in Fig. 5
powers. It should be noted that the measurements of the and represents the activation energy of thermal erasure
signal intensities from the transient gratings took place with the Eu 3 + ions in the ground state. The value of
after the signals from the permanent gratings had reached AE. 0 was obtained from the data in Fig. 7 and represents
their maximum value. Thus the measured variation of the activation energy of thermally assisted optical erasure
transient grating scattering efficiency on laser power may with the Eu 3 + ions in the excited state. The value of AEf [I
be associated with the presence of the strong permanent was obtained from the data in Fig. 6 and represents the
grating. thermal activation energy associated with the grating for-

The decrease in the intensity of the transient component mation process. This may be affected by concurrent era-
of the scattering intensity with increasing write-beam sure during grating formation, by thermal population of 4.
crossing angle is the behavior typically observed for FWM higher energy Eu 3

, levels, or by thermally activatecl ener-
signals.$ The scattering intensity of the transient signal gy migration.
decreases with increasing temperature in the same way as
the intensity of the permanent signal. This implies that IV. DISCUSSION AND CONCLUSIONS
the refractive-index changes associated with the two grat-
ings vary in the same way with temperature. The solid The FWM signal from the transient population grating
lines in Fig. 6 describe an exponential temperature varia- observed here has significantly different properties from
tion laser-induced population gratings studied previously," 13

II
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For example, the decay rate of FWM signals associated these numbers overestimate VT because all of the laser
with population gratings is usually reported to be twice power is not absorbed by the Eu 3  ions and converted to
the fluorescence decay rate, not equal to the fluorescence heat. Thus, standard local heating effects are not large
decay rate as observed here. The reason for these differ- enough to produce any permanent modifications of the
ences is clear from Eq. (1). We are not observing a FWM glass.
signal associated with an isolated population grating, but The analysis given in the previous paragraph assumes a
rather the signal associated with the interference between thermalized "phonon" bath in the host material. This
a permanent grating and a transient grating. According condition is not satisfied in the local regions where the
to Eq. (1), the intensity variations of the signal associated laser power is absorbed. The radiationless relaxation tran-
with this interference term will be affected by changes in sitions of rare-earth ions in glasses have been shown to be
the intensity of the permanent grating, while the decay "multiphonon" emission processes,[$ each of which gen-
will be described by the fluorescence decay rate. This ac- erates several high-energy "phonons," of the order of 1000
curately describes the observations for each of the three cm-'. Since these are generated by the Eu 3 , ions and the
samples. thermal diffusion in the glass host is slow, the phonons

Permanent gratings can be created by crossed laser are localized thus creating a high level of nonthermalized
beams through several physical mechanisms. The most vibrational energy around each ion. This can produce a
common mechanism is the photorefractve effect associat- local "effective temperature" which is extremely high
ed with the photoionization of defects and subsequent compared to the thermal equilibrium temperature reached
trapping of the free carriers."' This type of mechanism when these high energy phonons migrate away from their
can also lead to spectral hole burning, although this effect origin and become thermalized with the phonon modes of
is seen only at low temperatures.' 5 The properties of the the host. For the radiationless relaxation processes of the
permanent gratings reported here are not consistent with Eu3+ ions under the excitation conditions of this experi-
this mechanism. The energy-level scheme for Eu3 + in ment, local effective temperatures of the order of several
these glass hosts is not compatible with an ionization thousand degrees Kelvin can be produced. This is easily
transition at the laser wavelength used in these experi- enough to allow ionic motion over short ranges and thus
ments. Multiphoton transitions are not probable with the produces a local structural modification of the host glass.
low laser powers used and not consistent with the ob- Based on the above discussion, we propose a model for
served power dependence of the signal intensities. Also, the laser-induced permanent grating described by the con-
no effects of refractive-index changes are observed with a figuration coordinate diagram shown in Fig. 8. It is as-
single laser beam as they are for photorefractive materials. sumed that the network forming and modifier ions of the
In addition, the fact that optical erasure occurs only when glass host can arrange themselves in two possible configu-
Eu 3  ions are resonantly excited is not consistent with the rations in the local environment of the Eu3

, ions, leading
photoionization process, No spectral evidence was ob- to double minima potential wells for the Eu3+ energy 1ev-
served for the presence of Eu ions in valence states other els. For simplicity, only the three terms of the Eu3' ions
than trivalent. Finally, the intensities of the two write of direct relevance to the opti.aljransitions ofinterest
beams were monitored as a function of time and no ener- he-e, are shown in Fig. 8. The material is ass-.mid to
gy transfer between the two beams was observed. These have a different index of refraction depending on which
two-beam mixing results show that the laser-induced grat- configuration is present. Under normal conditions of op-
ing is in phase with the laser interference pattern. This tical excitation and decay, the configuration coordinates
shows that the mechanism causing the grating is local- appear as the solid lines in Fig. 8, and the ions will remain
ized, which is not always true for gratings involving the in the lower energy configuration, designated as 1. The
migration of charge carriers, generation of local thermal energy may allow some of the

Thermal processes can also produce refractive-index ions to cross the potential barrier into configuration 1I,
changes. Laser-induced stress-optic changes including but it also will cause transitions in the reverse direction.
some permanent effects have been seen in rare-earth- The relative occupations of the two potential configura-
doped glasses.' 6" However, these observations were not tions will remain in thermal equilibrium, and as the local
dependent on having crossed laser beams and took place temperature returns to normal there will be a predominant
at higher powers than those used in our experiments. If occupancy of the lower energy potential well. However,
local heating effects are the origin of the observed per- with crossed laser beams, there is a gradient in the number
manent grating, they should be described by the thermal density of high energy phonons resulting in a gradient in
conductivity equation, the local effective temperature. On a microscopic scale,

-8Q81=KA VT, ( the atomic motion involved in the configurational rear-rangement can be described as an ionic conduction process

where Q is the heat deposited by the laser in an area A, K involving only a few steps. In this picture the tendency of
is the thermal conductivity of the glass, and VT is the lo- the vibrating atoms is to diffuse away from the peak of
cal temperature gradient produced by this heat. For the the temperature gradient. This gives a directional bias to
glasses used in this work. the thermal conductivities are of the hopping of the atoms between sites of the different
the order of 10-- cm - 1 K - 1. The laser power is less than configurations. The resulting bias can be schematically
0.1 W with a beam cross-section area of less than 0.02 represented by the change from the solid to the broken
cm2 . Using these conditions, the local rise in temperature line potential curves in Fig. 8. This shifts lower potential
predicted by Eq. (3) is only a few degrees. In addition, minimum from configuration I to configuration II and
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on the upper multiplets (J1=1-6) of the 7F term and
E(1' cm-' then decay through radiationles transitions to the 7Fo

3 ground-state multiplet. These processes generate several
more high-energy phonons. The phonons produced

through both excited-state and ground-state radiationless

J*/ transitions provide the thermal energy needed to increase
%/ the occupancy of configuration II.

sDo % % "From this model, the refractive index can be written as
the sum of the contributions from both configurations,

n =Njn+Nnjj , (4)

where N, and N 11 are the populations of the two potential

wells and nt and nt are the indices of refraction for the
two configurations. For thermal equilibrium with the
laser write beams on

N/N =exp(Af /kT), 
5)

F ,%where AEf is the energy difference between the potential
\' "'-_minima for the two configurations in the presence of the

-- %% crossed laser beams and k is Boltzmann's constant. The

0 FWM signal is proportional to the square of the differ-
ence of the index of refraction in the peak and valley re-

conf Igurational gion of the grating. If the valley regions of the grating
coordinate are assumed to be all in configuration I, the FWM signal

FIG. 8. Configuration coordinate model for laser-induced is given by
permanent gratings in Eu3 *-doped glass. The diagram shows
only the relevant energy levels of the Eu 3

" ions with two possi- I oc I An. -_I 2 =N2 PI Antt_, 1 
2exp[ 2 &Ef/(k P .6)

ble local configurations of the glass, I and II. The solid curves
are for normal conditions of excitation and decay. The broken The p and v subscripts refer to the peak and valley regions
curves represent the change in potential coordinates due to the of the grating, respectively. This shows that the measured
presence of crossed laser beams which creates a directional bias activation energy for the formation of the permanent grat-

or ion motion. (See the text for explanation of transitions ing AEI is twice the difference in the energy of the poten-
shown in the model). tial minima.

Erasure occurs thermally when the temperature is
raised high enough to provide the energy AE_ needed to

thus builds up an increased population in configuration II. cross the ground-state potential barrier between configura-

Even if this effect is quite small, over the several-minute tion II and configuration I. With no crossed laser beams
time period of the grating buildup a significant change in present, the solid coordinate curve is the relevant one in

configuration occupancy can be produced. When the Fig. 8. This thermal energy allows the populations of the

crossed laser beams are turned off, the directional bias is two potential configurations to redistribute themseles to
remo'ed and the configuration coordinates shift back to the normal equilibrium case with predominant occupancy
those shown by solid lines in Fig. 8, but the population in configuration I. Optical erasure occurs with a single

built up in II remains. Since this "frozen in" distribution laser beam tuned to resonance with the Fo-5D 2 transition

of excess occupation of II has the shape of the laser in- between the solid coordinate curves in configuration II.
terference pattern, it appears to the probe beam as a Relaxation back to the equilibrium population distribu-
refractive-index grating. tion can take place by several paths. Starting from the

The trarsitions shown in Fig. 8 represent the processes 5D 2 level in II, the excited Eu 31 ions relax back to the
involved in the formation and erasure of the permanent ground state and crossover to the I configuration which
grating. Initially the ions predominantly occupy configu- can take place at any of the levels occupied during the re-

ration I in the solid-line coordinate representation. Dur- laxation. Increasing the temperature will enhance optical
ing the grating formation period, crossed laser beams are erasure by making it easier to cross over the potential bar-

tuned to resonance with the 7F0-5D 2 transition of the riers such as the AE, shown as an example in Fig. 8.
Eu1 - ions. This produces the directional bias to shift the Since crossover can occur with several different barriers,
coordinate curves to the broken lines, as discussed above, it is difficult to assign an exact meaning to the measured

and excites some of the Eu' ions to the 5D, level. The values of AE.o. However, as for the thermal variation of
excitation energy is dissipated partially by radiative tran- the scattering, we can use a crude model to explain the
sitions to the ground terms and partially by radiationless thermal variation of the optical erasure rate. Assuming

transitions to the -Do level through :he emission of several the excited ions relax to the *D0 state before any cross
high-energy phonons. The 'D 0 level also has radiative over to a different configuration occurs, the theory of
transitions to the ground terms. Most of the fluorescence Jortner and co-workers" 20 can be used. This was

transitions from both multiplets of the 5D term terminate developed for radiationless transitions in large molecules
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and has been successfully used to explain the nonradiative modes in glasses.22 However, the effects of having two
recombination of trapped excitons in chalcogenide possible configuration potentials have generally been con-
glasses.2" At high temperatures and strong displacement sidered only at very low temperatures. Laser-inducedof configuration minima, the approximate expression for refractive-index changes in glasses have been observed for
the radiationless transition rate becomes different types of glasses under different experimental

WnI=CI[4,VrkT/(hEM)2]1_2 conditions and the results attributed to bond rearrange-
ments associated with trapped exciton effects. 3- 5 This

Xexp[-(EM-AE)2/(4EMkT)1, (7) mechanism is not consistent with the results observed in
our experiments. The model proposed here appears to be

where C is the matrix element for the transition and consistent with all of the observed characteristics of the
(E, - AE)/(4EM) corresponds to the energy barrier be- laser-induced permanent grating. However, to verify this
tween the two potential wells. This can be simplified in model more experimental data obtained on different kinds
our case to of glasses is needed.

Wn_ I = WoTi/2exp( -AE,/kT). (8) The results reported here represent the first observation
of an interference effect in an FWM signal due to the su-
perposition of a transient population grating and a per-

For our data the temperature-dependent prefactor n - manent grating due to structural modification of the host.
gible and Eq. (8) is consistent with the observed results. Producing FWM signals in glasses of this type may be
However, the possibility of configuration crossover in the useful in optical systems involving fiber-optic transmis-
5D2 state, or between the 5D 2 state of II and the 5DI. 0  sion since it should be possible to use the techniques
states of I, or in levels of the 7F, manifold require that we described here to establish phase conjugate mirrors and
interpret AE,0 as an "effective energy barrier" for cross- optical switches directly in the glass fibers. Finally,
over and not specifically associate it with a given level. understanding the details of the mechanism for forming

The difference in FWM properties between the EP and the laser-induced permanent gratings may lead to a better
LP samples can be attributed to the significant difference understanding of the local structural and vibrational prop-
in the Eu 3  concentration between the two samples. The erties of these types of glasses.
difference between the LP and NS samples is more diffi-
cult to determine. Phosphate glasses have lower thermal
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different temperature coefficients of the refractive index
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Relationship between laser-induced gratings
and vibrational properties of Eu-doped glasses
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Four-wave-mixing techniques have been shown previously to produce permanent refractive index
gratings in Eu-doped glasses by resonant excitation of the Eu3  ions. A variety of glass hosts were
studied and it was found that permanent holographic gratings could be established in some of these
but not in others. We report here an extension of our previous work which includes investigations of
new materials, attempts to form gratings with different excitation wavelengths, and a comparison of
the Raman and resonant Raman spectra of glasses which do and do not exhibit permanent holo-
graphic gratings. It was found that direct excitation into the 5Do level did not produce permanent
gratings. It was also found that glasses which do exhibit permanent gratings have high-frequency
vibrational modes which couple strongly to the Eu1+ ions. These results help to verify the model

proposed previously to explain the origin of the holographic grating in terms of structural changes
caused by thermal effects arising from radiationless relaxation through high-frequency local modes.

L INTRODUCTION understand the physical processes involved. The work re-

ported here extends our previous investigations by looking
We reported recently the observation of four-wave- at different types of glass hosts, different types of rare-

mixing (FWM) signals in Eu3 -doped glasses produced earth ions, and different excitation wavelengths. In addi-
through resonant excitation of the Eu 3+ ions in the 'D 2  tion, the Raman and resonant Raman spectra were corn-
level.' The observed signals had two components: a tran- pared for example glasses that do and do not exhibit holo-
sient component associated with a Eu3 + population grat- graphic gratings.
ing, and a permanent component associated with a holo-
graphic grating. The physical processes responsible for lI. EXPERIMENTAL RESULTS
this latter component have not been established. The pur-
pose of this paper is to report the results of further The initial set of glasses investigated' included three
research in this area which provides additional informa- that exhibited permanent holographic gratings (europium
tion relevant to our understanding of the mechanism of pentaphosphate, lithium phosphate, and sodium silicate)
producing this type of laser-induced grating, and four glasses that did not produce holographic gratings

The type of holographic grating of interest here is es- (lithium silicate, lithium borate, lithium germanate, and
tablished with a buildup time of about 15 min with the zirconium fluoride). In addition to these, we have now in-
write beams in resonance with the absorption transition to vestigated several other heavy-metal fluoride glasses, vari-
the 5D, level of Eu3+. The grating can be erased optically ous other germanate and borate oxide glasses, and e.
only if the erase beam is in resonance with the 5D2 ab- LaxEul-,(PO3)3 with x between 0.8 and 0.99. Holo-
sorption transition. The grating is stable at room tem- graphic gratings were observed only in the last of these.
perature, but thermal erasure occurs with an increasing This sample exhibited similar grating properties to the eu-
rate as temperature is raised above room temperature. ropium pentaphosphate sample but had a higher diffrac-
Seven different types of oxide and fluoride glasses were tion efficiency.
studied previously, and under the same experimental con- Several additional experiments were performed on the
ditions holographic gratings were observed in only three europium pentaphosphate (EuP5O, 4) sample which exhib-
of these. An empiricial model was suggested to explain ited strong holographic gratings. For example, the effects
the origin of these gratings based on having a local glass of changing the polarization direction of the probe beam
structure at the site of the Eu 3 ions which allows each compared to the polarization directions of the write beams
electronic state to be described by a double-minimum po- were investigated. No dependence of scattering efficiency
tential curve. It is assumed in this model that the refrac- on the probe-beam polarization direction was observed.
tive index of the material is different, depending on which Also, a'phosphate glass sample (52.3 P,0 5, 30.0 Li 2O,
potential minimum is occupied by the Eu3 + ions. It is 10.0 CaO, 4.7 A120 3, 3.0 Eu20 3 in mol %) was investigat-
further assumed that the heat generated through radia- ed which contained approximately the same concentration
tionless relaxation of the excited Eu 3 + ions can cause the of europium as the lithium phosphate glass studied earlier r
local structure to change so that the ions move from one but which had a mixture Eu 3  and Eu2  valence states.
potential minimum to the other. No holographic grating was observed in this sample.

The model described above is consistent with the results Attempts were made to observe permanent gratings in
reported previously, but further work is required to better samples having different rare-earth ions in similar types

35 4109 0 1987 The American Physical Society



4110 BRIEF REPORTS 35

of glass hosts, such as NdPsO14 glass. Under excitation ings were formed. Several samples were investigated, in-
conditions which should produce the same amount of heat cluding the europium pentaphosphate sample which ex-
through radiationless processes as in the EuP5 01 glass, hibits strong holographic gratings for 5D2 excitation. No
no grating formation was observed. Instead, strong gratings were observed in any of the samples for 'D0 exci-
thermal lensing effects were seen. In fact, it was found tation. This confirms the importance of having radiation-
for several different types of trivalent rare-earth ions that less relaxation in the excited -tate to establish this type of
thermal lensing was observed instead of the development grating. These nonradiative processes for rare-earth ions
of holographic gratings. Apparently the onset of thermal in glasses are known to take place through multiphonon
leasing inhibits the formation of holographic gratings. emission involving several high-energy phonons. 2

The relationship between these two types of processes is To further understand the vibrational modes involved
now being studied. in the writing of holographic gratings of this type, we

For all of the glasses which exhibit holographic grat- compared the Raman spectra and resonant Raman spectra
ings, all of the fluorescence emission occurs from the 5D0  for glasses which exhibited gratings with those of glasses
level regardless of the pumping conditions. Although this in which no gratings could be produced. Typical results
is also true for many of the glasses in which holographic are shown in Figs. I and 2. An argon laser was used as
gratings could not be produced, some of these glasses such the source and an Instruments S. A. Ramanor U- 1000
as Eu-doped BZLT (27 ZnF 2, 19 BaF2, 26 LuF 3, 27 ThF4, with computer-controlled data acquisition was used to
1 EuF 3 in mol %) showed a significant amount of fluores- record the spectra. The 514.5-nm argon-laser line gives
cence emission from the higher-lying 5Dj levels. In this the normal Raman spectra shown by dashed lines in Figs.
case there are fewer phonons emitted during relaxation in 1 and 2, while the 472.7-nm laser line is close to the 'F0 -
the excited state. To further establish the importance of 5D 2 Eu3 + transition and therefore produces resonant Ra-
radiationless relaxation in the emcited state, an attempt man scattering. The solid lines in the figures show the
was made to produce holographic gratings by exciting latter type of spectra.
directly into the 5D0 level instead of the 5D 2 level as was The disordered structure of glasses causes the network
done previously. An argon-laser-pumped ring dye laser vibrations to have a short coherence length compared to
with R6G was used for these experiments. The laser the optical wavelength. This causes a breakdown of the
power was set to achieve the same density of excited Eu3 + wave-vector selection rule which is present for crystalline
ions as obtained in the previous experiment in which grat- Raman spectra and results in Raman spectra for glasses

0 , 9 ' 9"

" -. 99\ 999 ",

9 -9',

(a)9

250- .50. 1250 ".1.

Ca(cm) 250 750 1250(cm)

FIG. I. Raman spectra (dashed linesi and resonant Raman FTG. 2. Raman spectra (dashed lines) and resonant Raman
spectra (solid lines) of (a) europium pentaphosphate glass, and spectra (solid lines) of a( Eu3 9 doped sodium silicate glass, and
(b) Eu 3 -doped lithium phosphate glass. (See text for exact (b( Eu3 'doped lithium silicate glass. (See text for exact glass

Sglass compositions.) compositions.)
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which are directly related to the vibrational density of this band shows that the Eu3 + ions are bonded to the P0 2
states. 3 In addition, the vibrational modes of a glass are lateral groups and not to the chains. Thus the Eu 3 + enter
more localized than those of a crystal due to the lack of the glass structure as network modifiers. Because of the
translational symmetry. The Stokes Raman scattering in- motional freedom of the lateral group oxygen ions, it is
tensity is given by4  not unreasonable to expect different possible equilibrium

I lJ/)j positions for these groups, leading to different local envi-
1(wao, ow)-=(oE0/2 )l( OoW)[n(()+ 1]16) ronments for dopant ions such as Eu3 + .

X × cb(opb , , .. .On the other hand, silicate glasses have fundamental
b structures which are generally better described as a con-

where b refers to the different bands, E0 and w. are the tinuously randomly packed network with SiO4 tetrahedra

incident electric field and frequency, respectively, a, is the as the basic unit." The introduction of alkali-metal ions
frequency of the Raman shift, pa(a,) is the vibrational partly breaks down this type of structure. These glasses
density of states for band b, n(w)-[exp( vir/k a T)- i- exhibit a vibrational band near 1100 cm-I that is attribut-
is the population factor, and Cb(o,o)=---- I 1Pu() T 2 is ed to the bond-stretching vibration of the Si--O nonbridg-
i the oultionstact for thb and.= Here 1PJ2 is theec-ing group. 12"13 In our samples, the resonantly enhanced
the coupling constant for the b band. Here P1 is the elec- band between 1000- 1100 cm -I can be seen as the super-tronic polarizability and ul is the normal displacement position of three different bands with frequencies 940,

coordinate where I refers to the 3N Cartesian coordinates position of the d iffere t band wtfrequencs 940,of t e a oms Wh n W b los to n eect oni tr nsii on 1020, an d 1100 c m -'. This last band co rresponds to the
of the atoms. When w0 is close to an electronic transition stething vibration of the Si--O nonbridging group.
frequency of Eu3 + , the coupling coefficient is dominated stres vibration b the LS-sample dueby ~ ~ ~ pr on rb tos o b  as ite wth ib tonl These vibrational bands are weaker in the LS sample due
by contributions of 1u associated with vibrational to the weaker activation of this vibrational mode by the
modes localized around the Eu 3+ ions. Li + ion as compared with the Na + ions.' 2 The Raman

The Raman spectra for the europium pentaphosphate spectra suggest that part of the Eu 3
+ ions are bonded with

(EP) and lithium phosphate (LP) (52.3 P20 5 , 30.0 Li20, the nonbridging oxygen ions in the NS sample, entering
10.0 CaO, 4.7 A1203, 3.0 Eu 2 0 3 in mol %) samples shown the glass structure as network modifiers along with the
in Fig. I both show a high-frequency band near 1200 Na ions. As in the pentaphosphate glasses, it is not un-
cm- which is enhanced in the resonant Raman spectray reasonable to expect different possible equilibrium posi-
This indicates that the vibrational mode of this frequency tions for the nonbridging oxygens, leading to different
is strongly coupled to the Eu 3 + ions. Figure 2 shows Eu 3+ environments.
similar spectra obtained on sodium silicate (NS) (15.0Na20, 5.0 BaO, 5.0 7_rO, 72.0 SiO2, 3.0 Eu203 in mool %) The typies of suggested structural modifications dis-
and lithium silicate (LS) (27.5 Li2O, 10.0 CaO, 2.5 A 2 0, cussed above arenot applicable to borate glasses where the
57.0 SiO 2 , 3.0 Eu2 O in mol %) glass. The resonant A- structure is more rigid and can be formed by various cy-
man0 Spectrum of0 hEU inS) glass. s astront ae- clic units depending on the alkali-metal or alkaline-earth-man spectrum of the NS glass shows a strong enhance- mea otn ftemtra. - 7 Thmaovirtnl

ment of a band near 1050 cm . This same band aper metal content of the material.5 7 The major vibrational
inthe spea ofnd ear L0 am- plT e, bn sipfiears band of borate glasses is around 805 cm- and is associat-
in the spectra of the LS sample, but no significant ed with the breathing mode of the boroxol rings forming
enhancement occurs under resonant excitation conditions. the basic structural unit of the glass. - 7 The other vibra-
Such high-frequency bands do not appear in the Ramanspectra of borate and fluorite glasses. 5 - 8  tional bands are at lower frequencies. The structure of the

ZrF4 -based glasses can be described by chains of ZrF 6 oc-

tahedra sharing two oxygens with each of two other oc-
tahedra.8 This is somewhat similar to the phosphate glass

III. DISCUSSION AND CONCLUSIONS structure except that the octahedron are more rigid and
exhibit a lower degree of disorder, making it more diffi-

The results described above show that the formation of cult to consider local structural modifications. The major
holographic gratings of the type of interest here requires a vibrational bands of these glasses appear around 500-600
glass host having high-frequency local modes of vibration cm- and are associated with stretching vibrations of the
and further requires these modes to be strongly coupled to Zr-F nonbridging bonds of the ZrF 6 octahedron forming
the Eu3 + ions. This enhances the radiationless relaxation the basic structural unit of the glass!
processes compared to the radiative processes occurring The results described here are consistent with the model
after excitation of the Eu3 + ions, and these produce the proposed previously for the formation of holographic
local heating necessary for causing the structural modifi- gratings through resonant excitation of Eu 3+ ions in
cation of the host. glasses. The criteria for forming gratings of this type in-

So far the best hosts for establishing these permanent clude having a glass structure which allows different local
gratings have been found to be phosphate glasses. The configurations for the Eu 3 ions through different possi-
fundamental skeletal structure of phosphate glasses can be ble equilibrium positions of the surrounding oxygen ions.
represented by practically infinite chains of interlinked The mechanism for switching between different types of
P0 4 tetrahedra with two of the oxygens shared with equilibrium positions requires structures with high-
neighboring tetrahedra. The vibrational band observed frequency local vibrational modes such as those associated
around 1200 cm - is attributed to stretching vibrations of with structural defects (lateral or nonbridging groups) and
P0 2 lateral groups 9'1 0 which involves the two unshared further requires that the Eu 3

, ions are strongly coupled to
oxygens of the tetrahedra. The resonant enhancement of these vibrational modes. It also appears that these modes
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